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RESUMO 
Este trabalho abordou o uso de duas tecnologias emergentes, o aquecimento ôhmico e o 
ultrassom, para promover alterações estruturais em proteínas lácteas e permitir a formação de 
matrizes alimentícias com características diferenciadas. No aquecimento ôhmico foi analisada 
a funcionalização do caseinato de sódio (proteína de estrutura flexível) e de proteína isolada do 
soro (estrutura globular) sob a ação de campos elétricos. Ambas proteínas mostraram alterações 
conformacionais sendo que o caseinato apresentou-se mais solúvel e formou géis com menor 
capacidade de retenção de água. Quando utilizadas as proteínas do soro juntamente com o 
caseinato notou-se um efeito interativo entre elas, mais pronunciado que com o uso de 
aquecimento convencional, resultando na formação de uma rede gelificada ácida mais frágil e 
também com menor capacidade de retenção de água. De maneira geral, a aplicação de campos 
elétricos intermediários foi capaz de promover pequenas alterações nas proteínas que podem 
estar relacionadas ao equipamento utilizado ou mesmo a um limite de alterações que pode ser 
alcançado pela técnica. Nos estudos com ultrassom, as mesmas proteínas lácteas foram 
utilizadas. Foi realizado inicialmente uma extensa investigação sobre as alterações promovidas 
por ultrassom, a partir do qual observou-se que curtos tempos de processos são mais eficientes 
na promoção de modificações estruturais e que é possível que ocorra uma ação moduladora 
(efeito chaperona) do caseinato de sódio sobre a agregação das proteínas do soro. Assim pode-
se modular o processo de agregação com a utilização de ultrassom em combinação com 
moléculas denominadas chaperonas. A partir das condições que promoveram maiores 
alterações realizou-se um estudo a fim de se observar a funcionalidade atingida pelo ultrassom 
em matrizes emulsionadas. Houve uma redução da estabilidade das emulsões a altas 
concentrações de proteínas do leite, que pode estar associada à competição entre as proteínas 
pela interface. No entanto, o efeito cooperativo entre as proteínas não ficou evidente. A 
aplicação dos processos, aquecimento ôhmico e ultrassom, foram de grande valia para a 
observação de modificações proteicas, já conhecidas em outros processos convencionais. Dessa 
forma foi possível ressaltar a utilização dessas técnicas (por ação do calor e campos elétricos e 
pelo efeito da cavitação a temperatura controlada) como promotoras de modificações 
conformacionais e de interações proteicas; permitindo que em estudos futuros o papel de ambas 
possa ser avaliado de forma mais aprofundada trazendo contribuições essenciais do ponto de 
vista tecnológico. 
Palavras-chave: ultrassom; aquecimento ôhmico; interação proteica; modificações estruturais 
ABSTRACT 
This work addressed the use of two emerging technologies, ohmic heating and ultrasound, to 
promote structure alterations in milk proteins and allow the formation of food matrices with 
singular characteristics. In ohmic heating, functionalization of sodium caseinate (protein with 
flexible structure) and whey protein isolate (globular protein) under the action of electric fields 
was analyzed. Both proteins showed conformational changes, with caseinate being more 
soluble and forming acid gels with less water holding capacity. When whey proteins were used 
together caseinate an interactive effect was noticed between them, more pronounced than with 
the use of conventional heating, resulting in the formation of more fragile acidic gelled network 
and also with less water holding capacity. In general, the application of intermediate electric 
fields was able to promote minor changes in proteins that may be related to the equipment 
employed or even to a limit of changes that can be achieved by the technique. In ultrasound 
studies, the same milk proteins were used. Initially, an extensive investigation was carried out 
on the changes promoted by ultrasound, from which it was observed that short process times 
are more efficient in promoting structural changes and that it is possible to occur a modulating 
action (chaperone effect) of sodium caseinate on the aggregation of whey proteins. Therefore, 
the aggregation process can be with the use of ultrasound in combination with molecules called 
chaperones. Based on the conditions that promoted major changes, a study was carried out in 
order to observe the functionality achieved by ultrasound in emulsified matrices. There was a 
reduction in the stability of emulsions in high concentrations of milk proteins, which may be 
associated with the competition between proteins for the interface. However, the cooperative 
effect between proteins was not evident. The application of the processes, ohmic heating and 
ultrasound, were of great value for the observation of protein changes, already known in other 
conventional processes. In this way, it was possible to emphasize the use of different techniques 
(due to the action of heat and electric fields and cavitation effect at controlled temperature) as 
promoters of conformational changes and protein interactions; allowing that in future studies 
the role of both can be evaluated more deeply bringing essential contribution from the 
technological point of view. 
Keywords: ultrasound; ohmic heating; protein interactions; structural modifications. 
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1. INTRODUÇÃO GERAL 
 
1. 1 Estrutura da tese 
  
 A presente tese encontra-se dividida em 10 capítulos. O Capítulo 1 compreende uma 
introdução geral e os objetivos (geral e específicos) do trabalho desenvolvido. A 
contextualização é apresentada no Capítulo 2, em que foram abordados os aspectos 
fundamentais para o desenvolvimento da tese e discutidos os trabalhos publicados relevantes 
na área. Nos Capítulos 3, 4, 5 e 6 são apresentados os artigos elaborados ao longo do doutorado, 
os quais são sucintamente apresentados na Figura 1.1. Os Capítulos 3 e 4 foram realizados em 
parceria com a Universidade do Minho (Braga-Portugal), pois a parte experimental foi 
desenvolvida em período de estágio no exterior. Em ambos os artigos foi investigado o efeito 
do aquecimento ôhmico (OH) como técnica para a funcionalização de proteínas. No Capítulo 
3 foram analisados os impactos do OH em soluções de caseinato de sódio e em sua capacidade 
gelificante após o processo de acidificação. Uma vez avaliados tais aspectos e, considerando a 
literatura já existente sobre a ação do OH nas proteínas do soro do leite, objetivou-se 
compreender se as interações entre as partículas de caseína visando a formação de rede afetadas 
por OH. Seguindo a mesma linha, no Capítulo 4 foram utilizadas soluções mistas (1:1) de 
caseinato de sódio e proteínas do soro do leite, avaliando-se o impacto do OH tanto nas 
proteínas em solução, como nas propriedades de gelificação sob condições ácidas. Nos 
Capítulos 5 e 6 a tecnologia selecionada para o estudo das modificações e interações proteicas 
foi o ultrassom. No Capítulo 5 são descritos estudos mais fundamentais sobre o efeito da 
sonicação sobre o caseinato de sódio, proteínas do soro do leite e uma mistura de ambas 
proteínas (1:1); e, assim como nos capítulos anteriores, as modificações proteicas foram 
avaliadas a partir das propriedades obtidas após a gelificação por acidificação. Após a 
identificação das condições que resultaram em maiores modificações proteicas, no Capítulo 6 
foram realizados estudos de investigação do impacto do ultrassom nas propriedades 
emulsificantes do caseinato de sódio e proteínas do soro do leite, e na mistura de ambas 
proteínas. No Capítulo 7 é realizada uma discussão geral abrangendo todas as informações e 
conhecimentos adquiridos ao longo do desenvolvimento da tese. O Capítulo 8 compreende as 
conclusões gerais da tese. No Capítulo 9 são apresentadas as referências bibliográficas. E, 
finalmente, no Capítulo 10 são inseridos apêndices pertinentes à tese. 
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 Figura 1.1.  Diagrama dos capítulos contendo os artigos científicos 
(ε: deformação na ruptura; σ: tensão na ruputura)
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As caseínas consistem em um grupo de proteínas relevante como fonte nutricional que 
possui várias funções, como auxiliar na prevenção da osteoporose e reduzir a pressão arterial 
(SNYDER e  HAUB, 2007). As caseínas do leite podem ser subdivididas, de uma forma geral, 
nas frações αs1-, αs2-, β- e κ- caseínas. No leite, as caseínas organizam-se na forma de micelas 
recobertas por κ- caseínas com o núcleo composto por αs- e β- caseínas, sendo que em solução 
as caseínas apresentam-se desdobradas (random coil) (LUCEY et al., 2003; WALSTRA et al., 
2006). As caseínas são hidrofóbicas (ordem de hidrofobicidade: β > αs1 > αs2) e apresentam-se 
negativamente carregadas em pH acima do ponto isoelétrico que é 4,6 (AKBARI et al., 2018). 
Possuem baixa solubidade em água, sendo mais conveniente seu uso na forma de caseinatos 
que são mais solúveis, como o caseinato de sódio (NaCas) (HORNE, 2009). O NaCas possui 
as mesmas propriedades tecnológicas apresentadas pelas caseínas, como capacidade 
emulsificante, gelificante, espessante e espumante (KINSELLA e MORR, 1984). 
 Assim como as caseínas, o isolado proteico do soro também é amplamente utilizado 
como agente emulsificante, gelificante e espumante (CORREDIG, 2005). Este isolado é 
composto principalmente pelas proteínas β-lactoglobulina (β-lg) e a α-lactalbumina (α-la). Tais 
proteínas são globulares, o que significa que podem desnaturar (desdobrar) por pressão, 
aquecimento ou na presença de certos agentes desnaturantes como agentes alcalinos, íons 
metálicos ou compostos orgânicos. (FOX e MCSWEENEY, 2003; KANNAN et al., 2012; 
WALSTRA et al., 2006). O desdobramento dessas proteínas expõe grupos hidrofóbicos e 
sulfidrila, que podem levar à agregação de proteínas para formação de rede (WIJAYANTI et 
al., 2018). O aquecimento de proteínas do soro na presença de caseína mostra a existência de 
diferentes interações entre as proteínas dependendo da intensidade do tratamento 
(WIJAYANTI et al., 2018). Algumas interações das αs- e β- caseínas baseiam-se no princípio 
do efeito chaperona, em que estas proteínas são capazes de controlar o processo de 
desdobramento e agregação das proteínas globulares (AKBARI et al., 2018). No entanto, a 
natureza das interações pode ser afetada por modificações estruturais nas proteínas em virtude 
de diferentes fatores, como condições de processo e físico químicas, o que pode alterar também 
suas propriedades tecnológicas (FOEGEDING e DAVIS, 2011). Neste trabalho foram 
exploradas duas tecnologias emergentes para a modificação de proteínas, o aquecimento 
ôhmico e a aplicação de ultrassom. 
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 O aquecimento ôhmico (OH), também chamado efeito Joule, é baseado na resistência 
interna de um material, ou seja, ocorre pela passagem de uma corrente alternada por um material 
semicondutor gerando calor interno (VICENTE et al., 2012). O processo está sujeito a 
alterações na condutividade elétrica do material em questão, intensidade do campo elétrico 
aplicado, tamanho e concentração de partículas, concentração de íons e tipo de eletrodo 
empregado (KAUR e SINGH, 2016). O OH se destaca por ser um processo de aquecimento 
rápido e uniforme na ausência de superfícies aquecidas, baixo tempo de cozimento, alta 
eficiência energética, simplicidade e baixo custo, o que também o torna ambientalmente 
amigável (PEREIRA et al., 2015; VARGHESE et al., 2014). Com relação à sua ação sobre as 
proteínas, recentemente têm sido realizados estudos com OH envolvendo modificações 
proteicas (como por exemplo, proteínas globulares) e seu efeito em propriedades tecnológicas 
tais como capacidade emulsificante e gelificante) (FURTADO et al., 2018; PEREIRA et al., 
2010, 2016; PEREIRA et al., 2011; RODRIGUES et al., 2015, 2020). 
 Produtos de alta qualidade e seguros também podem ser obtidos por outros processos 
não-térmicos, como com o ultrassom, sendo que as propriedades obtidas dependerão das 
condições de processo como tempo, frequência e potência (RASTOGI, 2011). Quando 
modificações físicas e químicas em macromoléculas são desejadas deve-se usar altas potências 
de ultrassom. Frequências de 20 a 40 kHz e potências maiores que 10 W/cm2 normalmente são 
utilizadas para a formação de emulsões, redução da massa molecular de polímeros e extração 
de componentes bioativos e orgânicos. Tais processos são possíveis devido à geração e 
cavitação de bolhas, resultando na liberação de energia que permite transformações químicas e 
físicas com o aparecimento de forças cisalhantes, aumento de pressão e alterações de 
temperatura (ASHOKKUMAR, 2015; CHEMAT et al., 2011). A despolimerização ocorre em 
virtude da ação mecânica, causada por bolhas colapsadas, e da ação química, pela oxidação de 
moléculas poliméricas por radicais hidroxila proveniente da cavitação (CHEMAT et al, 2011). 
Neste sentido, estudos recentes mostram a aplicação de ultrassom visando alterações em 
proteínas globulares e na produção de matrizes alimentícias proteicas (CHANDRAPALA et 
al., 2011, 2012; FRYDENBERG et al., 2016; FURTADO et al., 2017; JAMBRAK et al., 2008, 
2014; MARTINI et al., 2010; O’SULLIVAN et al., 2014; O’SULLIVAN et al., 2017). 
 Géis ácidos de proteínas podem ser produzidos a partir de proteínas desordenadas 
(caseínas) ou globulares (α-la e β-lg) (KUHN et al., 2012), pela adição de ácidos orgânicos, 
acidulantes ou culturas microbianas, que resultam na mudança das forças repulsivas e atrativas 
proteína-proteína e proteína-solvente. Proteínas globulares, no entanto, necessitam de uma 
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etapa de pré-aquecimento visando sua desnaturação e exposição de grupos reativos necessários 
para a formação de agregados reticulados (ALTING et al., 2002). Uma vez concluída essa etapa 
de desnaturação é possível seguir para a formação géis ácidos, a qual ocorre em pH próximo ao 
ponto isoelétrico. Nesta condição, as forças repulsivas tornam-se mínimas e interações 
hidrofóbicas são favorecidas resultando na formação de agregados e, consequentemente, na 
rede de gel (KUHN et al., 2012). A rede formada pode ainda ser afetada por parâmetros como 
concentração e composição proteica, temperatura, presença de íons, taxa de gelificação e pH 
(BRAGA et al., 2006; CHEN et al, 1999; DE KRUIF, 1997; O’KENNEDY et al., 2006). 
 Emulsões são, basicamente, sistemas compostos por líquidos não miscíveis (como água 
e óleo), portanto termodinamicamente instáveis e que tendem à separação de fases. Dessa 
forma, estabilizantes/emulsificantes são usados visando garantir a estabilidade cinética por 
determinado período de tempo (MCCLEMENTS, 2015). Dentre os diversos tipos de 
emulsificantes que podem ser utilizados, as proteínas (como as caseínas e proteínas do soro) 
são interessantes por suas características como solubilidade, atividade interfacial e 
hidrofobicidade (DICKINSON, 2003). Em termos de deposição na interface, as caseínas 
arranjam-se formando uma camada relativamente aberta, espessa e de baixa viscosidade, e sua 
estrutura desdobrada e flexível permite um rearranjo mais rápido do que observado com 
proteínas globulares. Por outro lado, o rearranjo de proteínas globulares permitem a exposição 
de grupos que levam a interações hidrofóbicas e pontes dissulfeto resultando em interfaces mais 
compactas, finas e de alta viscosidade (MCCLEMENTS, 2015; TCHOLAKOVA et al., 2006).  
 O entendimento de como os processos afetam as proteínas do leite e suas interações é 
de grande interesse em termos tecnológicos. Dessa forma, as investigações realizadas ao longo 
desta tese permitiram explorar processos envolvendo tecnologias emergentes no processamento 
de proteínas do leite e verificar sua funcionalização em matrizes alimentícias, informações estas 
















1.3.1 Objetivo Geral 
 O presente trabalho visa contribuir ao entendimento do efeito do aquecimento ôhmico 
e ultrassom nas propriedades tecnológicas de proteínas do leite. 
 
1.3.2 Objetivos Específicos 
 Investigar e analisar o impacto da aplicação de campos elétricos moderados com 
geração de calor, ou aquecimento ôhmico, na funcionalização de proteínas do 
leite (random coil e globulares) e nas interações em misturas de proteínas (1:1). 
 Investigar e analisar o impacto das condições de processo de ultrassom na 
funcionalização de proteínas do leite (random coil e globulares) e nas interações 
em misturas de proteínas (1:1). 
 Aplicar as proteínas e misturas proteicas sujeitas a ambos os processos em 
matrizes alimentícias modelo, como géis acidificados e emulsões simples, a fim 
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2. REVISÃO BIBLIOGRÁFICA 
 
2.1 Proteínas do leite 
    
2.1.1 Caseínas 
 
As caseínas são uma importante fonte de aminoácidos essenciais. No organismo 
humano têm a capacidade de auxiliar na entrega do cálcio (prevenindo a osteoporose), 
contribuir com a redução da pressão sanguínea em quadros de hipertensão e, ainda, é capaz de 
liberar peptídeos com atividade antitrombótica pela quebra da κ- caseína (SNYDER e HAUB, 
2007).  
  As caseínas contêm basicamente quatro unidades: αs1 (~44%), αs2 (~11%), β (~32%) e 
κ- (~11%) caseínas (MCCLEMENTS, 2015). As αs2- e κ- caseínas possuem ligações dissulfeto 
internas e podem interagir com outras moléculas que também as possuam. No entanto, as pontes 
dissulfeto intramoleculares das caseínas podem reduzir a flexibilidade das moléculas 
(GUNASEKARAN e SOLAR, 2012; MCSWEENEY e FOX, 2013). De maneira geral, as 
caseínas são hidrofóbicas, altamente carregadas (em função dos grupos fosfato), possuem 
diversos resíduos de prolina (αs2- e β- caseínas) e cisteína (αs2- e κ- caseínas). Em termos 
estruturais possuem pouca estrutura terciária, o que não necessariamente significa que sejam 
estruturas desordenadas, mas que possuem estrutura desdobrada em solução (FOX et al., 2000; 
SGARBIERI, 1996; WALSTRA et al., 2006). 
 As caseínas encontram-se autoassociadas na forma de micelas no leite que são 
aproximadamente esféricas, com diâmetro entre 50 a 250 nm (Figura 2.1). O núcleo dessas 
micelas é composto por submicelas que são constituídas basicamente por αs- e β- caseínas, com 
uma pequena quantidade de κ- caseínas. A camada externa possui quantidades iguais de αs- e 
κ- caseínas, com quantidades mínimas de β- caseína (MCCLEMENTS, 2015; WALSTRA et 
al., 2006). 
 Algumas evidências apontam para uma camada externa constituída por ramificações 
com carbonos terminais de κ- caseínas, relativamente hidrofóbicas e negativamente carregadas, 
auxiliando na estabilidade coloidal. Os principais fatores que permitem a existência da micela 
são condições fisiológicas, interações hidrofóbicas entre as proteínas e ligações cruzadas com 








Figura 2.1 Modelo experimental da micela de caseína (WALSTRA et al., 2006) 
 
As caseínas são normalmente utilizadas na forma de caseinatos, pois em sua forma 
nativa não possuem boa solubilidade, formando aglomerados. Os caseinatos podem ser obtidos 
através do leite desnatado pela desestabilização das micelas de caseína. Para tanto, inicialmente 
é reduzido o pH do leite para coagulação próximo a seu ponto isoelétrico (pI ~4,6); e uma vez 
atingido o pH desejado é realizado aquecimento por volta de 50 °C a fim de separar 
efetivamente o soro. Em etapa posterior, a coalhada ácida é lavada para remoção de resíduos 
de lactose, proteínas do soro e minerais e, então, neutralizada com uma base, normalmente 
hidróxido de sódio, potássio, cálcio ou magnésio (HUPPERTZ e PATEL, 2012; 
MCCLEMENTS, 2015; SNYDER e HAUB, 2007). 
 
2.1.2. Isolado proteico do soro do leite (WPI) 
 
 Os concentrados e isolados proteicos do soro do leite na indústria de alimentos são 
usados como ingredientes, atuando como agentes gelificantes, espumantes e emulsificantes 
(CORREDIG, 2005). O isolado proteico do soro do leite (WPI) é constituído por cerca de 90 a 
95% de proteínas, contendo mínimas quantidades de lipídeos, lactose ou minerais (SNYDER e 
HAUB, 2007). A parte proteica é composta por β-lactoglobulina (~55%), α-lactalbumina 











 A β-lactoglobulina (β-lg) é o componente majoritário das proteínas do soro do leite, e 
possui 162 resíduos de monômeros com uma massa molecular de aproximadamente 18,3 kDa. 
Contém duas pontes dissulfeto intramoleculares, com 1 mol de monômeros de cisteína por 
molécula que são importantes para a autoagregação e associação das proteínas. O ponto 
isoelétrico (pI), quando de origem bovina, é de aproximadamente 5,2 (GUNASEKARAN e 
SOLAR, 2012; SAWYER, 2013; WALSTRA et al., 2006).  
 A β-lg possui estrutura globular e compacta (Figura 2.2). Em valores de pH 2-6 
apresentam 10-15% de estrutura α-hélice, 43% de folha-β e 47% de estruturas desordenadas 
(LAWYER, 2013). Alterações conformacionais nas estruturas secundárias e terciárias 
começam a aparecer em temperaturas acima de 70°C, desdobrando a proteína e expondo os 
grupos tiol das cisteínas. Quando isso ocorre, as reações dissulfeto-tiol (-SH/-S-S-) e interações 
hidrofóbicas são responsáveis pela agregação das proteínas (GUNASEKARAN e SOLAR, 
2012). 
 
Figura 2.2 Estrutura tridimensional da β-lg (CREAMER et al., 2004) 
 
 Embora seja resistente à proteólise, o que dificulta sua quebra, a β-lg possui alguns 
papéis importantes como a capacidade de se ligar a diversas moléculas hidrofóbicas, como o 
retinol, transportando e protegendo-se contra a oxidação entre o estômago e o intestino delgado.  
No entanto, o papel biológico principal desta proteínas é sua ligação com ácidos graxos 









2.1.2.2 α-Lactalbumina  
  
α-Lactalbumina (α-La) é o segundo maior componente das proteínas do soro do leite, 
perfazendo aproximadamente 20% do total. Com 123 resíduos de aminoácidos, possui quatro 
pontes dissulfeto por mol que quando induzidas se ligam aos grupos tiol das β-lg. É 
relativamente rica em triptofano, com quatro resíduos por mol; no entanto não possui resíduos 
de cisteína. Seu pI é em torno de 4,8. A α-La é uma proteína globular e em solução apresenta 
uma forma elipsoide alongada, com aproximadamente 26% de α-hélice, 14% de folhas β e 60% 
de estruturas desordenadas (BREW, 2013; GUNASEKARAN e SOLAR, 2012).  
 
2.1.3. Interações proteicas 
  
 As proteínas globulares do soro do leite podem ser desnaturadas/desdobradas por calor 
levando à exposição de grupos –SH internos livres e aminoácidos hidrofóbicos que resultam 
em uma nova agregação. Tal desnaturação pode ser reversível ou irreversível, sendo a 
irreversibilidade associada a reações de autoagregação ou interações com outras proteínas. A 
desnaturação térmica, segundo Roefs e De Kruif (1994), segue os seguintes passos 
(WIJAYANTI et al., 2018): 
- Iniciação: Dissociação dos dímeros em monômeros que se desdobram, resultando na 
exposição de grupo –SH livre.  
- Propagação: Reação entre os monômeros reativos e ligações –S-S- disponíveis via reações -
SH/-S-S- formando novos grupos –SH (podendo ocorrer diversas vezes). 
- Terminação: A reação termina quando todos os grupos –SH (intermediários reativos) foram 
utilizados para formar agregados poliméricos de alta massa molecular. 
 O modelo de Roefs e De Kruif (1994), no entanto, exclui a presença de interações não-
covalentes e limita-se à β-lg aquecida entre 65 e 70°C em pH neutro. Dessa forma, um novo 
modelo proposto deveria sanar estas lacunas (APENTEN et al., 2002; CONSIDINE et al., 2007; 
CROGUENNEC et al., 2004; MEHALEBI et al., 2008; NICOLAI et al., 2011; OLDFIELD et 
al., 1998; VERHEUL et al., 1998), sendo este descrito abaixo (WIJAYANTI et al., 2018): 
- Dissociação: Dímeros de β-lg dissociam-se em monômeros idênticos sob ação do calor. 
- Desdobramento: Em seguida há o desdobramento da estrutura nativa formando resíduos 







- Agregação via reação –SH/-S-S- e/ou reações não covalentes: Os monômeros reativos se 
conectam via pontes –S-S- formando oligômeros e/ou a partir de interações não covalentes. 
Assim, se a temperatura estiver entre 65 e 85 °C é favorecida a formação de agregação via 
interações não-covalentes, porém se a temperatura for acima de 85 °C há a prevalência de 
ligações –SH/-S-S-. 
- Polimerização / formação de agregados de alta massa molecular via –SH/-S-S-: Os oligômeros 
passam a formar grandes agregados via ligação covalente resultando em uma grande rede de 
agregados (géis). 
 De maneira geral, o desdobramento da β-lg é influenciado pela exposição dos grupos 
hidrofóbicos e –SH e pontes –S-S-, além de barreiras eletrostáticas. No entanto, outros fatores 
como temperatura, concentração, força iônica, pH e presença de outras proteínas podem alterar 
as propriedades moleculares da β-lg (WIJAYANTI et al., 2018). 
 A α-la também desnatura como a β-lg (~73°C), porém apresenta temperatura de 
desnaturação menor, em torno de 63 °C. Além disso, a desnaturação por calor da α-la é 
reversível e limitada a temperaturas abaixo de 80°C, sendo tal reversibilidade associada a 
ausência de grupos –SH em sua estrutura nativa. No entanto, a altas temperaturas uma ou mais 
ligações –S-S- podem se romper e liberar grupos reativos livres –SH, iniciando um processo de 
agregação irreversível semelhante ao da β-lg (WIJAYANTI et al., 2018). 
 Estudos envolvendo α-la na presença de β-lg mostram sua incorporação em agregados 
hidrofóbicos e covalentemente ligados. De fato, a presença da α-la aumenta a proporção de 
agregados ligados covalentemente em relação aos agregados hidrofóbicos, sem alterar o 
desdobramento da β-lg. Dessa forma, é necessário o desdobramento da β-lg (com a exposição 
de grupos –SH livres) para que ocorra a interação entre as duas proteínas por meio de ligações 
–S-S- acessíveis na α-la (WIJAYANTI et al., 2018). 
 As proteínas do soro ainda podem interagir com caseínas formando complexos, mais 
especificamente β-lg e κ- e/ou αs2- caseína por ligações –S-S-, uma vez que tais caseínas 
possuem resíduos de cisteína. A formação de complexos está principalmente relacionada a 
ligações não covalentes (ex.: iônica e/ou hidrofóbica) e/ ou covalente, dependendo da 
temperatura empregada. O modelo propõe que nos estágios iniciais do aquecimento as ligações 
não-covalentes estejam envolvidas, e só depois surgiriam as ligações covalentes 
(principalmente –SH/–S-S-). As interações entre essas proteínas ainda pode ser influenciada 







  Tais interações também são relacionadas ao que alguns autores denominam efeito 
chaperona das caseínas. Chaperonas moleculares são proteínas que se ligam com outras 
parcialmente dobradas ou completamente desdobradas auxiliando na associação e agregação, 
bem como facilitam o desdobramento, degradação, estabilização e transporte de moléculas, por 
exemplo, sendo portanto importantes à manutenção celular (CARVER e HOLT, 2019). 
Bhattacharyya e Das (1999) estudaram pela primeira vez as αs- caseínas bovinas na inibição de 
agregação térmica de agregados amorfos das proteínas do leite. Morgan e colaboradores (2005) 
investigaram a atividade chaperona de αs-, β- e κ- caseínas e proteínas do soro, α-la e β-lg. Os 
autores observaram que αs-caseínas alteravam seu comportamento sob condições de calor, uma 
vez que o aumento de atividade chaperona estava relacionado com o aumento da temperatura. 
β- e κ- caseínas são também descritas com atividade chaperona, porém menores que das αs-
caseínas. Zhang e colaboradores (2005) realizaram um estudo da atividade chaperona da β- 
caseína, observando sua atividade de inibição de agregados (químicos e térmicos) de diversas 
proteínas pela formação de complexos. Sua atividade chaperona pode ser mais eficiente que 
das α-caseínas e está relacionada a diferenças no número de resíduos de prolina presentes. Yong 
e Foegeding (2010), também verificaram a atividade chaperona das αs- e β- caseínas 
separadamente e observaram diferentes efetividades dependendo das condições físico-
químicas. Kehoe e Foegeding (2011) estudaram a capacidade da β- caseína na inibição da 
agregação por temperatura de β-lactoglobulina e albumina sérica, observando que a atividade 
chaperona da β- caseína é dependente do pH e da força iônica do meio. 
 
2.2 Modificações na estrutura das proteínas  
 
 Devido a atual busca por alimento de alta qualidade nutricional, aroma e sabor natural, 
semelhante aos produtos minimamente processas, nos últimos anos têm se destacado 
tecnologias emergentes que possam fornecer produtos de alta qualidade e ambientalmente 
amigáveis, resultando em um aumento do valor agregado. Dentre as tecnologias que vem sendo 
desenvolvidas podem ser citadas as físicas (alta pressão hidrostática e homogeneização a alta 
pressão), eletromagnéticas (campos elétricos pulsado, descargas elétricas de alta tensão, 
aquecimento ôhmico, eletrolise química, microondas, radiofrequência, plasma frio, luz UV 
(contínua e pulsada), acústicas (ultrassom e ondas de choque) e outras como filtração por 






Modificações na estrutura secundária e terciária das proteínas estão normalmente 
relacionadas a sua funcionalidade uma vez que podem alterar a exposição superficial de 
aminoácidos. Dessa forma, as modificações estruturais ocorridas no desdobramento das 
proteínas são importantes para o entendimento de suas funcionalidades tecnológicas 
(FOEGEDING e DAVIS, 2011). 
 
2.2.1 Aquecimento ôhmico 
 
 A maior parte dos processos de alimentos visam sua preservação com qualidade e 
segurança. Os processos térmicos convencionais são utilizados com o intuito de garantir a 
segurança microbiológica e aumentar a vida de prateleira e, dentre eles, podem ser citados 
pasteurização e esterilização. No entanto, as condições de temperatura usadas podem prejudicar 
as qualidades nutricionais e sensoriais dos alimentos (PEREIRA e VICENTE, 2010; 
VARGHESE et al., 2014).  
O aquecimento ôhmico (OH), também chamado de aquecimento Joule, ocorre pela 
passagem de corrente elétrica que leva à geração interna de calor do material a ser tratado, 
havendo assim uma conversão de energia elétrica em energia térmica. Diferente de outros 
métodos este envolve a introdução de eletrodos em contato direto com alimentos (que estão 
ausentes em técnicas como microondas e aquecimento indutivo), controle da frequência 
aplicada e tipo de onda utilizada (normalmente senoidal) (JAEGER et al., 2016; VICENTE et 
al., 2012). Embora diferentes materiais sejam utilizados para a construção do equipamento, este 
é constituído basicamente por uma célula de aquecimento, eletrodos, sistema de registro de 
dados, fonte de energia de corrente alternada (AC), unidade de controle de voltagem e 
termopares (KAUR e SINGH, 2016). Na Figura 2.3 encontra-se representado um dos modelos 







Figura 2.3 Modelo de aquecimento ôhmico adaptado de Vicente e colaboradores (2012) 
 
Nesse tipo de aquecimento diversos fatores podem influenciar o processo como condutividade 
elétrica do material a ser tratado, intensidade do campo elétrico, tamanho de partícula, 
concentração global do  sistema, concentração iônica e os eletrodos utilizados; sendo a 
condutividade elétrica (natureza condutiva do material a ser tratado) o mais importante, uma 
vez que a taxa de aquecimento ôhmico é diretamente proporcional ao quadrado da intensidade 
do campo elétrico e da condutividade elétrica (KAUR e SINGH, 2016; VARGHESE et al., 
2014). 
A primeira aplicação desta técnica foi realizada para pasteurização do leite e, 
atualmente, tem sido utilizada em frutas, vegetais, produtos cárneos e outros alimentos, devido 
à sua capacidade de garantir qualidade superior aos alimentos em relação às técnicas já 
estabelecidas. Sua potencial aplicação industrial encontra-se em operações de branqueamento, 
extração e purificação, secagem, evaporação, fermentação e desidratação (PEREIRA e 
VICENTE, 2010; PEREIRA et al., 2015; VICENTE et al., 2012). Dentre os principais 
benefícios de seu uso podem ser citados a ausência de superfícies aquecidas, aquecimento 
rápido e uniforme de produtos líquidos e sólidos, ideal para processamento de produtos viscosos 
e sensíveis à temperatura, elevada eficiência energética, tecnologia de baixo impacto ambiental, 
simples e com reduzido custo de manutenção (PEREIRA et al., 2015).  
Estudos recentes têm mostrado que proteínas globulares submetidas à aquecimento 
ôhmico apresentam alterações na conformação estrutural sendo capazes de produzir filmes, 
emulsões e géis com diferentes propriedades em relação aos aquecimentos convencionais 
(FURTADO et al., 2018; MOREIRA et al., 2019; PEREIRA et al., 2010, 2016; PEREIRA et 























 O uso de ultrassom em alimentos vem sendo amplamente explorado, e envolve 
simultaneamente processos de cavitação induzida, aquecimento, agitação e cisalhamento do 
material utilizado (WEISS et al., 2010). Uma de suas aplicações é na despolimerização, que 
ocorre por ação mecânica, devido à cavitação gerada pelas bolhas colapsadas, e química, pela 
reação de oxidação de moléculas poliméricas por radicais hidroxila gerados na cavitação 
(CHEMAT et al., 2011).  
 Em sistemas líquidos/sólidos, a cavitação, colapso sofrido pelas bolhas, resulta em 
microjatos pressurizados que são capazes de corroer ou erodir superfícies, melhorando a 
transferência de massa e promovendo a fragmentação, reduzindo o tamanho do material. Por 
outro lado, em sistemas de líquidos imiscíveis a perturbação causada pode criar emulsões. 
Deve-se considerar que diversos fatores afetam a cavitação como pressão externa, viscosidade 
do meio, tensão superficial do meio, pressão de vapor, frequência, temperatura e intensidade do 
ultrassom (BERMUDEZ-AGUIRRE, 2017). 
 Em relação ao tipo de frequência aplicada deve-se considerar que em baixas frequências 
(20-100 kHz) os efeitos mecânicos (físicos) causados pela cavitação instável prevalecem. Sob 
frequências médias (200-500 kHz) o efeito químico é predominante, uma vez que há maior 
número de bolhas que se formam e colapsam de forma mais branda. E sob altas frequências (> 
1 MHz) ambos os efeitos, químicos e físicos, são muito baixos e o efeito acústico é o que 
prevalece (GALLO et al., 2018).  
 Normalmente em escala laboratorial podem ser encontrados dois tipos de equipamentos 
de ultrassom. Equipamentos do tipo ‘horn’ (ponteira ou sonda) consistem em um único 
transdutor colocado dentro de um cilindro de titânio, conseguindo dessa forma gerar um campo 
acústico intenso na região imediatamente abaixo do dispositivo, porém que se reduz 
significativamente à medida que se distancia deste ponto. Os banhos ultrassônicos, por sua vez, 
fornecem uma energia acústica mais difusa devido à presença de diversos transdutores 
posicionados na base do equipamento, normalmente fornecendo energia inferior ao do tipo 
‘horn’ (KENTISH e FENG, 2014). 
 Outro ponto importante a se considerar é que quando se trata de utilizar processos 
ultrassônicos a energia do sistema é dissipada de diferentes formas e apenas uma pequena parte 
é aproveitada do ponto de vista mecânico. Mamvura e colaboradores (2018) observaram em 
seus estudos que a conversão da energia é baixa, uma vez que a energia elétrica fornecida ao 






métodos são reportados na literatura para a medida da energia com base nas mudanças físicas 
e químicas decorrentes da sonicação. Dentre os métodos físicos podem ser mencionados os 
hidrofones (medição direta da pressão acústica) (MARTIN e LAW, 1983), microscópios óticos, 
método de folha de alumínio (CHIVATE e PANDIT, 1995) ou método calorimétricos 
(MARGULIS e MARGULIS, 2003). Já a medição por métodos químicos envolve estimar de 
forma indireta os radicais livres por medidas de sonoluminescência relacionando à cavitação 
(ATCHLEY e CRUM, 1988) ou dosímetros químicos (MAKINO et al., 1982) capazes de reagir 
com os radicais, sendo os produtos de reação determinados facilmente (UV-Vis ou 
fluorescência, por exemplo) (ESCLAPEZ et al., 2011).  
Estudos envolvendo sistemas proteicos sonicados reportam melhora na solubilidade e 
capacidade de formar espuma das proteínas isoladas do soro do leite (JAMBRAK et al., 2008; 
JAMBRAK et al., 2014); aumento da resistência de filmes formados por caseinato de sódio e 
proteínas isoladas do soro do leite com o aumento do tempo de exposição a ultrassom 
(BANERJEE et al., 1996); diminuição de tamanho de partículas de caseinato de sódio (NaCas), 
proteína isolada do soro do leite (WPI) e proteína isolada do leite (MPI), e aumento do tamanho 
de partícula da lactoferrina. Além disso, também foram verificados que sistemas emulsionados 
com MPI, NaCas e lactoferrina sob ultrassom apresentaram menor tamanho de gota e portanto 
maior estabilidade em relação aos com proteínas sem tratamento (FURTADO et al., 2017; 
O’SULLIVAN et al., 2014). 
 
2.2 Matrizes alimentícias 
  
2.2.1 Géis  
 
 Géis de proteínas do leite podem ser formados por proteínas globulares, como β-lg e α-
la, bem como por proteínas desordenadas (random coil), como as caseínas. A gelificação ocorre 
pela agregação de moléculas individuais de proteínas com a retenção de grande volume de água, 
resultando em uma rede tridimensional com aspecto “tipo sólido” (FENG et al., 2011; 
MCCLEMENTS, 2015). Os mecanismos de formação de géis proteicos podem envolver calor, 
pressão, acidificação ou modificação da força iônica (TOTOSAUS et al., 2002).  As 
propriedades mecânicas, microestrutura, cor e capacidade de retenção de água dependem do 
mecanismo de formação dos géis. No entanto, é importante ressaltar que, proteínas globulares 






grupos reativos (KUHN et al., 2012). Aqui vamos focar apenas na gelificação por calor e por 
acidificação, que são os processos que foram utilizados no estudo. 
 Géis térmicos podem ser classificados como termorreversíveis e termoirreversíveis. 
Géis mantidos por ligações não covalentes, sem mudança permanente nas estruturas das 
moléculas, são reversíveis; enquanto que géis formados por ligações covalentes, e que 
envolvam alterações permanentes nas moléculas individuais formam géis irreversíveis 
(MCCLEMENTS, 2015). Géis de proteína do soro (globulares) são influenciados por diversos 
fatores como pH, concentração de proteínas, força iônica, taxa e tempo de aquecimento, razão 
dos componentes presentes, concentração de íons divalentes, açúcares e lipídios (LANGTON 
e HERMANSSON, 1992; THOMPSON et al., 2008). A gelificação das proteínas globulares 
por calor pode ocorrer durante o processo de aquecimento no qual ocorre consecutivamente 
desnaturação, agregação e gelificação das proteínas (KUHN et al.; 2012). 
 A temperaturas abaixo de 60 °C a estrutura terciária da β-lactoglobulina se altera 
reversivelmente, no entanto, acima de 65 °C as mudanças tornam-se irreversíveis, e agregados 
de β-lactoglobulina são formados (CORREDIG et al.,2004). Embora a formação de agregados 
nas proteínas do soro seja regida principalmente pelas β- lactoglobulinas, a α-lactalbumina tem 
papel importante na formação dos mesmos (SCHOKKER et al., 2000). Nesses géis, a agregação 
ocorre de forma mais lenta que na desnaturação, uma vez que é necessária a orientação e 
interação em sítios específicos para a formação da rede. Tais interações podem ocorrer por 
pontes dissulfeto inter- e intramoleculares, interações hidrofóbicas e iônicas e outras interações 
fracas (KUHN et al., 2012; THOMPSON et al., 2008). A natureza das ligações formadas 
durante a etapa de agregação é de grande importância para definição das características do gel 
formado (HAVEA et al., 2004); assim, um gel formado apenas por interações não-covalentes 
será relativamente rígido e quebradiço, enquanto que um gel com predomínio de pontes 
dissulfeto apresenta maior deformabilidade e menor rigidez (HAVEA et al., 2009; KUHN et 
al., 2012).  
 A concentração utilizada é outro fator fundamental para a formação da rede, devendo 
estar acima de um valor crítico e sob condições de pH e força iônica adequadas. Dependendo 
destas condições físico-químicas, dois tipos de géis podem ser obtidos: transparentes e 
filamentosos (baixa força iônica e/ou pH distante do pI) ou géis turvos e particulados (alta força 
iônica e/ou pH próximo do pI). Ainda existem outras peculiaridades em relação a cada um dos 
tipos de géis formados. Géis particulados compreendem uma rede tridimensional de partículas 






biopolímeros agregados, costumam ser opacos e propensos a sinérese (partículas e poros 
grandes). Por outro lado, géis filamentosos são compostos por filamentos de moléculas 
biopoliméricas individuais ou ainda na forma de agregados, porém de pequenas dimensões 
fazendo com que esses géis tendam a ser transparentes e com boa capacidade de retenção de 
agua (MCCLEMENTS, 2015). 
De maneira geral, os géis acidificados podem ser formados pela adição de ácidos 
orgânicos (acético, lático, cítrico, tartárico), acidulantes (GDL: glucono-δ-lactona) ou 
fermentação microbiana (cultura bacteriana) que alteram as forças atrativas e repulsivas entre 
proteína-proteína e proteína-solvente. Ao atingir o pI, as forças repulsivas tornam-se mínimas, 
favorecendo interações hidrofóbicas e agregação das moléculas para formação do gel. A 
formação de géis ácidos pode ser explicada pela teoria de agregação fractal que sugere que os 
géis são formados pelo movimento browniano das partículas esféricas de um determinado raio 
(a) que podem ser agregar quando se encontram. Segundo a teoria, esses agregados ainda podem 
formar aglomerados fractais que constituem os géis (KUHN et al., 2012). 
 Géis de caseína são encontrados frequentemente em alimentos processados. Por meio 
da acidificação até pH próximo ao pI das caseínas é possível transformar uma dispersão de 
partículas de caseína (em concentração adequada) em uma rede de agregados que se assemelha 
a um sólido macio (rede tridimensional) (DICKINSON, 2006). Já a gelificação ácida de 
proteínas globulares é realizada em duas etapas. Primeiramente uma solução de proteínas 
globulares nativa (abaixo da concentração crítica, a pH distante do pI e com baixa força iônica) 
é aquecida acima da temperatura de desnaturação resultando em seu desdobramento e exposição 
de grupos reativos. Em seguida, ocorre a agregação dos grupos expostos formando agregados 
reticulados através de pontes dissulfeto (ALTING et al., 2002), porém sem a formação de gel. 
Assim, são formados agregados solúveis, pois a baixa concentração e a carga superficial das 
proteínas (forças repulsivas) impedirão sua agregação aleatória (KUHN et al., 2012). 
 A segunda etapa consiste na gelificação pela alteração da repulsão eletrostática por meio 
da adição de sal ou alteração de pH em direção ao pI resultando em uma interação proteína-
proteína mais intensa (ALTING et al., 2003). Dentre as interações formadas durante essa etapa 
podem ser citadas reações –SH/-S-S-, ligações de hidrogênio e hidrofóbicas, bem como 
interações eletrostáticas (KANNAN et al., 2012; KUHN et al., 2012). Devido ao fato de ser 
realizada em dois passos ao invés de apenas um, como na gelificação por calor, é possível maior 
controle das propriedades dos agregados antes da gelificação. Dessa forma, a estrutura e as 








 Uma emulsão compreende dois líquidos imiscíveis, como água e óleo, sendo que um 
dos líquidos se encontra disperso na forma de gotas (fase dispersa) no outro (fase contínua). 
Sua classificação pode ser realizada de acordo com a distribuição espacial das fases, assim, um 
sistema em que gotas de água de encontram dispersas em uma fase oleosa é denominado 
emulsão água em óleo (A/O), enquanto que o contrário, será denominado emulsão óleo em água 
(O/A) (MCCLEMENTS, 2015). 
 A emulsificação se dá pelo processo de homogeneização que converte os líquidos 
imiscíveis em uma emulsão. Para tanto, normalmente são empregados dispositivos de alta 
energia (homogeneizadores) que podem ser, por exemplo, de alta tensão de cisalhamento ou 
pressão (MCCLEMENTS, 2015). 
 Um importante aspecto das emulsões é sua estabilidade, que pode ser descrita em termos 
termodinâmicos e/ou cinéticos. Por definição todas as emulsões são instáveis 
termodinamicamente, porém elas podem ser estáveis por um determinado tempo 
(cineticamente) (MCCLEMENTS, 2015). A instabilidade termodinâmica das emulsões pode 
ser entendida pela Equação 2.1. Como a área de contato aumenta após a homogeneização, a 
energia livre interfacial terá um valor elevado positivo (γ.ΔA); enquanto a entropia 
configuracional (-T.ΔSconfig) será sempre negativa (MCCLEMENTS, 2015). Dessa forma, a 
energia livre será positiva mostrando que em condições de equilíbrio a emulsão deve se separar 
em duas fases. 
 
∆𝐺𝑓𝑜𝑟𝑚𝑎çã𝑜 = 𝛾. ∆𝐴 − 𝑇. ∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔.                (2.1) 
 
 Considerando-se duas emulsões com tamanhos de gotas distintos e os efeitos 
gravitacionais, a que possui menor tamanho de gota terá maior estabilidade cinética que a que 
possui maior tamanho, mesmo que a estabilidade termodinâmica não seja favorável (>ΔA). 
Assim, embora as emulsões em alimentos possam ser termodinamicamente instáveis muitas são 
cineticamente estáveis (metaestável) por longo tempo. Isto ocorre pois a estabilidade cinética 
está associada a uma energia livre de ativação (ΔG*) que deve ser transposta para que a emulsão 








Figura 2.4 Energia de ativação entre estados termodinâmicos (MCCLEMENTS, 2015) 
 
 A emulsão pode ser quebrada devido a diversos mecanismos físicos e químicos sendo 
necessário se conhecer tais mecanismos a fim de se estabelecer parâmetros importantes para 
garantir sua estabilidade. Os mecanismos mais comuns são (Figura 2.5): cremeação, 
sedimentação, floculação, coalescência e inversão de fases (MCCLEMENTS, 2015). 
A cremeação e a sedimentação são dois processos envolvendo forças gravitacionais, 
sendo que no primeiro ocorre a ascensão das gotas para formar uma fase creme, e no segundo, 
a sedimentação das gotas. Estes processos são definidos pela densidade da fase dispersa em 
relação à fase contínua. A floculação e a coalescência envolvem o mecanismo de agregação das 
gotas. Assim, a floculação ocorre quando há a junção de duas ou mais gotas, sem perderem a 
integridade individual; porém a coalescência mostra a junção e fusão das gotas em tamanhos 







Figura 2.5 Mecanismos de instabilidade de uma emulsão (MCCLEMENTS, 2015) 
   
Emulsificante é uma substância capaz de adsorver-se rapidamente em uma interface 
óleo e água, e reduzir significativamente a tensão interfacial impedindo a agregação das gotas. 
Dentre os emulsificantes mais comuns estão os surfactantes de baixa mossa molecular, 
fosfolipídios, biopolímeros anfifílicos e alguns materiais particulados, variando amplamente 
quanto a sua capacidade de estabilizar e formar emulsões (MCCLEMENTS, 2015). 
As proteínas são os biopolímeros mais comumente usados para estabilizar emulsões. 
Elas podem variar de acordo com sua solubilidade, capacidade emulsificante, atividade 
interfacial, conformação, flexibilidade, hidrofobicidade, dentre outras propriedades. A 
atividade interfacial desses biopolímeros está relacionada às regiões lipofílicas e hidrofílicas ao 
longo de sua cadeia, de forma que a conformação adotada na interface e as propriedades físico-
químicas da membrana dependem da estrutura e interações entre as proteínas (DICKINSON, 
2003; MCCLEMENTS, 2015).  
Emulsões estabilizadas por proteínas do soro leite possuem boa estabilidade à 
coalescência por longos períodos de estocagem, embora quando sujeitas a forças de 
cisalhamento, moderadas ou intensas, ocorra coalescência parcial das gotas (DICKINSON, 
2006). As proteínas, de maneira geral, formam interfaces eletricamente carregadas, sendo a 
repulsão eletrostática o principal mecanismo contra a floculação em pH distante do pI 
(DICKINSON, 1994, 2003; MCCLEMENTS, 2015). No entanto, isso torna a interface sensível 






iônica é elevada. Ainda existe a particularidade das proteínas globulares que podem apresentar 
intensa floculação dependo da temperatura a que são submetidas (MCCLEMENTS, 2015). 
Estruturas proteicas desdobradas (random coil), como as caseínas, arranjam-se de forma 
que a estrutura formada na interface é relativamente aberta, espessa e com baixa viscosidade. 
As estruturas desdobradas, que são flexíveis, podem se rearranjar de maneira mais rápida que 
as globulares, que são mais rígidas (Figura 2.6). Além disso, o desdobramento de estruturas 
globulares ainda permite a exposição de aminoácidos que estavam ocultos no interior 
hidrofóbico da molécula, podendo resultar em mais interações com moléculas da vizinhança 
por meio de interações hidrofóbicas e pontes dissulfeto obtendo-se, assim, interfaces 
relativamente finas e compactadas (Figura 2.6) com alta viscoelasticidade (MCCLEMENTS, 
2015; TCHOLAKOVA et al., 2006). 
 
Figura 2.6 Adsorção de biopolímeros à interface. (MCCLEMENTS, 2015) 
 
As emulsões O/A estabilizadas com caseínas possuem boa estabilidade à coalescência 
das gotas (DICKINSON, 2006) devido à conformação flexível e à carga que estas proteínas 
possuem (KANNAN et al., 2012). No entanto, elas são susceptíveis a diversos tipos de 
floculação, o que acaba impactando as propriedades de textura e tempo de prateleira. Dentre as 
formas mais comuns de se promover a desestabilização destas emulsões podem ser citadas a 
redução do pH em valores próximo ao pI, força iônica relativamente alta e adição de íons cálcio 
(DICKINSON, 2006; MCCLEMENTS, 2015). 
Um mecanismo de desestabilização importante a se ressaltar é a floculação por depleção 
(Figura 2.7). Algumas emulsões possuem partículas dispersas na fase contínua não adsorvidas 






mecanismo de floculação por depleção se dá pela exclusão de partículas coloidais de uma região 
estreita entre as gotas (aproximadamente igual ao raio da partícula do coloide), sendo que a 
concentração de partículas nessa zona seria zero e finita na fase circundante. Uma vez excluídas 
as partículas há a geração de pressão osmótica que favorece a agregação das gotas 
(DICKINSON e GOLDING, 1997; MCCLEMENTS, 2015). 
Figura 2.7 Mecanismo de floculação por depleção (MCCLEMENTS, 2015) 
 
 A floculação por depleção ocorre em emulsões estabilizadas por caseínas e é causada 
por diferentes espécies presentes na fase aquosa podendo este mecanismo de desestabilização 
ser afetado pela presença de etanol, íons cálcio e surfactantes, bem como pelas condições de 
força iônica e pH. No entanto, o mesmo não ocorre para emulsões estabilizadas por proteínas 
do soro (SINGH, 2011). Quando lidamos com misturas é importante considerar a regra geral 
de que a proteína que primeiro chega na interface é a que fica na interface sendo importante 
identificar quais as proteínas prontamente disponíveis para adsorção e qual a capacidade de 
cada uma de deslocar as já adsorvidas (WALSTRA e ROOS, 1993), uma vez que há trocas 
rápidas na interface entre proteínas adsorvidas e não adsorvidas após formada a emulsão 
(SINGH, 2011). 
Outra questão importante a se considerar é que em emulsões estabilizadas por proteínas 
do soro e caseínas/caseinatos normalmente a β-lg acaba dominando as características funcionais 
devido a sua maior concentração. Assim , estas emulsões tendem a flocular próximo ao pI da 
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 Sodium caseinate (NaCas) is widely used in the food industry to provide nutritional and 
functional benefits. This work deals with the effects of applying moderate electric fields (MEF) 
of different intensity - ranging from 2 V·cm-1 to 17 V·cm-1 - on the physical and functional 
properties of NaCas solutions during Ohmic Heating (OH) at 95 °C. Self-standing gels were 
produced regardless the heating technique applied (i.e. conventional or OH), and these gels 
were much more prone to physical rupture when compared with the ones produced from 
unheated NaCas. Interestingly, OH treatment formed gels with lower values of strain at rupture 
and water holding capacity than unheated samples; this pattern was not observed for gels 
obtained through the conventional heating treatment (at 0 V·cm-1). These effects may be linked 
with disturbances of the distribution of random coil structures and enhanced solubility of NaCas 
at its isoelectric point, reducing aggregation and impairing the development of a more compact 
protein network. Results show that OH presents potential to be used as volumetric heating tool 
for NaCas solubilization and for the production of distinctive acidified systems. 
 
Keywords: Ohmic heating, protein functionality, sodium caseinate, acid systems, moderate 
electric fields, water holding capacity. 
 
Highlights: 
- Heating can influence physical properties of NaCas; 
- Conformational changes on protein structure were observed after Ohmic Heating treatment;  
- The intensity of the electric fields applied seems to influence protein solubility at the 
isoelectric point; 
- Ohmic Heating offers potential to produce NaCas gels with distinguishing features;  
- OH offers potential to produce self-supported NaCas gels with distinguishing features. 
 
3.1 Introduction 
Caseins are an important source of protein in functional foods and are particularly 
important in preventing osteoporosis and reducing hypertension (Huppertz & Patel, 2012; 
Snyder & Haub, 2007). Caseins in milk consist in αs1-, αs2-, β- and κ-caseins, and differ by 
phosphoseryl groups (amount and distributions) and precipitation sensitivity in presence of 
ionic calcium (Lucey et al., 2003). They are present in micellar form and are stabilized by 





identified through experimental techniques. Generally, caseins are hydrophobic and negatively 
charged, thus providing a steric impediment that allows colloidal stability. Such stability 
depends on physiological conditions, hydrophobic bonds, cross-linked peptides or even ionic 
bonds (Fox et al., 2000; Gunasekaran & Solar, 2012; Walstra et al., 2005). 
 Milk caseins can be obtained through precipitation by κ-casein cleavage, followed by 
precipitation at pH 4.6 and addition of calcium in excess (casein precipitation), with a final 
addition of ethanol or a heating step at high temperatures (Kinsella & Morr, 1984). Furthermore, 
it is important to highlight that caseins are quite stable to high temperatures since they do not 
coagulate at 100 °C for 24 h, and are resistant for 20 min under 140 °C, at natural milk pH 
(around 6.7) (Fox & Mcsweeney, 1998). 
However, isoelectric casein shows low solubility in water, but it can be converted into 
caseinate through dispersion of this protein in water and pH adjustment (pH ≈ 6.7) with alkali 
addition. Usually NaOH is used forming sodium caseinate (Thompson et al., 2008), which is 
stable to heat (140°C for 15 minutes, at pH 7) and it is an effective emulsifier, thickener, and 
foaming agent. Sodium caseinate is usually applied in baked food, breakfast cereals, meat 
products, coffee whitener, whipped toppings, instant breakfast, desserts, puff snacks and cheese 
analogs (Kinsella & Morr, 1984). 
It is possible to produce casein/caseinate gels from the destabilization of caseins through 
enzymatic or acidification processes or using a combination of both. Although there are some 
differences between these processes, the inhibition by low pH is the main restriction in the 
subsequent employment of bacterial cultures (e.g. for cheese production) (Kuhn et al., 2012).  
During caseins acidification, the phosphoseryl residues and carboxyl groups change 
their ionized state due to their proton affinity, once at neutral pH caseins have negative charges 
and are neutral near the pI, which leads to particle aggregation and to the establishment of a gel 
structure (Broyard & Gaucheron, 2015). These gels are affected by concentration, composition, 
temperature, ionic strength, pH and gelation rate (Braga et al., 2006; J. Chen et al., 1999; de 
Kruif, 1997; O’Kennedy et al., 2006).  
 Ohmic heating (OH), also called Joule heating, occurs by internal heat generation due 
to the internal resistance of the material to be treated (Vicente et al., 2012).  The first application 
of this technology was milk pasteurization; however, the high costs involved and the corrosion 
of the electrodes led to the abandonment of the technology. Currently, research has allowed the 





foods, allowing to obtain to manufacture of products with higher quality than those by existing 
techniques (Pereira et al., 2010, 2015; Vicente et al., 2012).  
 Thus, the main benefits of OH are the absence of hot surfaces, rapid and uniform heating 
of liquids and solids (direct and volumetric heating, ideal for processing of viscous and sensitive 
products), high energy efficiency, simple and environmental friendly technology and low 
maintenance costs. This technology also allows a very fast heating, overcoming heat transfer 
limitations that naturally occur during conventional thermal treatments (Pereira et al., 2015).  
Recent studies indicated that the application of electric fields to globular proteins result 
in conformational changes in the proteins structure, which result in protein films and gels with 
distinctive properties (Pereira et al., 2010, 2011; Rodrigues et al., 2015). However, no 
systematic characterization has been made regarding the electrical effects (e.g. the application 
of moderate electric fields (MEF) and electrical frequency) of OH on physical and functional 
properties of protein structures which are highly stable to heat, such as caseins. Thereby, the 
aim of this study is to evaluate for the first time the electrical effects of OH on functional and 
technological properties of NaCas, such as solubility, protein secondary structures distribution, 
protein aggregation and gelation as a function of the characteristics of the electric field applied 
during OH. 
 
3.2 Material and Methods 
 
3.2.1 Materials 
 The sodium caseinate powder (4.16 % ash, 1.13 % fat, 91 % protein and 6.30 % 
moisture) was kindly provided by Alibra Ingredients Ltda. (Campinas, Brazil). Glucono-δ-
lactone (GDL) was purchased from Sigma Chemical Co. (St Louis, MO, USA).  
 
3.2.2 Preparation of sodium caseinate (NaCas) solutions 
NaCas solutions were prepared for advanced structural characterization. A stock 
solution of 1 % (w/v) NaCas was prepared in 0.1 mol·L-1 phosphate buffer at pH 7.0 and 0.01 
% (w/v) sodium azide. Sodium azide was necessary to avoid microbial degradation. This 
solution was homogenized overnight and then centrifuged in a Mikro EBA 20 (Hettich, 
Germany) at 3461 g for 30 min and filtered twice in filter paper with a pore size of 0.2 µm 





adjusted with 0.2 mol·L-1 NaH2PO4 or 0.2 mol·L
-1 Na2HPO4 when necessary before 
centrifugation and filtration. 
 For soluble protein and turbidity (section 2.3.1) and fluorescence (section 2.3.2) assays 
at a pH near the proteins pI, protein precipitation was performed adding to samples an acid 
solution containing 0.83 mol·L-1 CH3COOH and 0.2 mol·L
-1 CH3COONa, at pH 4.6, at a ratio 
1:1 (protein solution : acid buffer). The resulting solutions were centrifuged at 17530 g for 10 
min in a centrifuge Mikro 120 (Hettich, Germany) and the supernatant was removed to be used 
in the assays (Pereira et al., 2011).  
 
3.2.3 NaCas gel solutions 
For the production of protein acidified gels, NaCas solutions were prepared as described 
previously (section 2.2) but with a concentration of 6 % (w/v) in ultrapure water and 
homogenized overnight. The pH was adjusted using 1 mol·L-1 NaOH and/or HCl in order to 
ensure pH 7.0. A 6% concentration of NaCas was necessary to form hard gels with good water 
holding capacity using glucono-δ-lactone as gelation inducer (Braga et al., 2006). 
 
3.2.4 Heating treatments  
The samples were subjected to conventional and OH at 95 °C for a holding time of 15 
min. Conventional heating was performed using test tubes immersed in a temperature-
controlled water bath.  These heating conditions were based on preliminary results (data not 
shown) that evidenced that heating at 95 ºC for 10 to 20 min produced identical results regarding 
size and fluorescence properties and were enough to enhance NaCas solubility.  
The application of OH and its MEF was done in protein solution conditioned in a 
cylindrical reactor (30 cm total length and 2.3 cm inner diameter) containing two stainless steel 
electrodes isolated with polytetrafluorethylene (PTFE). Tensions were controlled using a 
function generator (Agilent 33,220 A, Bayan Lepas, Malaysia; 1 Hz-25 MHz and 1 – 10 V) 
connected to an amplifier (Peavey CS3000, Meridian, MS, USA; 0.3 – 170 V) (Rodrigues et 
al., 2015). The temperature measurement was performed through a k-type thermocouple (1 °C, 
Omega, 709, USA) placed at the geometric center of the sample volume and connected to a 
data logger (National Instruments, USB-9161, USA). Voltage and electric current data were 
also recorded during experiments. Three different intensity levels of electric field (p < 0.05) 
were applied during OH of NaCas solutions - 2 V·cm-1, 5 V·cm-1 and 17 V·cm-1 - with an 





intensity of 9 V·cm-1 was applied to the acidified system (section 2.3). Electric field was 
calculated at the end of each heating cycle by the ratio between the applied electric voltage (V) 
and distance between electrodes (cm) to keep treatment temperature at 95°C for 15 min. 
After heat treatment, solutions were immediately cooled in an ice bath in order to stop 
additional effects induced by heat. Both unheated (control) and differently heated samples were 
stored under refrigerated conditions for further testing. The samples were analyzed for particle 
size (section 2.5.1), charge density (section 2.5.2), turbidity and soluble protein (section 2.5.3), 
intrinsic fluorescence (section 2.5.4) and circular dichroism (section 2.5.5). All measurements 
were performed at least in triplicate. 
 
3.2.5 Acidified gelation process 
 Gels were prepared with previously heated protein solutions (6 % w/v) by ohmic or 
conventional heating. After heating, the conventionally and ohmic heated solutions were cooled 
to near room temperature and GDL was added at a ratio of 0.18 (w/w) GDL/protein as described 
by Braga et al. (2006). After GDL addition the samples were homogenized for 8 min and stored 
into silicon lubricated cilindrical plastic tubes (14 mm diameter) at room temperature for 48 h.  
A control sample without heating was prepared with the same ratio of GDL, 
homogenization and storage conditions. Gels were analyzed after 48 h in terms of water holding 




3.2.6.1 Particle size distribution 
 The particle size distribution was obtained from Dynamic Light Scattering in a Zetasizer 
Nano (ZEN 3600, Malvern Instruments Ltd., Malvern, UK) at 25 ± 0.5 °C. Results were 
analyzed by the hydrodynamic diameter and polydispersity index of the particle size 
distribution (Zeta Software 7.11, Malvern Instruments Ltd., Malvern, UK). 
 
3.2.6.2 Surface charge density 
 Control and heated samples were diluted ten times and their charge density (zeta 







3.2.6.3 Turbidity and soluble protein 
Protein solubility and turbidity were evaluated by absorbance readings at 280 nm and 
600 nm, respectively. The assays were performed in a microplate reader (Biotek Synergy HT, 
Biotek, Winooski, USA), at pH 7.0 and at buffer solution pH 4.6.  
 
3.2.6.4 Intrinsic fluorescence  
Intrinsic fluorescence of protein solutions was followed by means of soluble 
tryptophan/tyrosin fluorescence value (FTrp) at excitation/emission wavelength of 286/340 nm 
(Hidalgo et al., 2012; Pereira et al., 2011). Samples were diluted a hundred-fold to avoid effects 
of light scattering, and then assayed in a fluorescence spectrophotometer (Hittachi, F-4500, 
Tokyo, Japan) at pH 7.0 and at buffer solution pH 4.6 (Birlouez-Aragon et al., 2002; Pereira et 
al., 2011). 
  
3.2.6.5 Circular dichroism (CD) 
 The structure and conformation of protein solutions was analyzed by Far-UV circular 
dichroism. The solutions were diluted fifty-fold and evaluated at 25 °C in the spectral range 
190 nm to 260 nm with a Jasco DC 1500 spectrophotometer (Jasco Corp., Japan) using a quartz 
curvette with 0.1 cm of optical path. The spectral resolution was 0.5 nm, and the scan speed 
was 50 nm/min, with a response time of 2 s at a bandwidth of 1 nm. Two spectra were obtained 
for each sample. The molar ellipticity [θ] (deg.cm2/decimole) was calculated by Equation 3.1, 
where c is the sample molar concentration, l is the light path length (cm) and θ is the instrument 




       (3.1) 
 
3.2.6.6 Water holding capacity (WHC) 
 Gel discs (~1 g), were placed on Whatmann filter paper (Maidstone, UK) into 15 mL 
falcon tubes. Water loss was determined at room temperature by the gel weight difference 
before and after centrifugation at 162.47 g for 10 min in a Mikro EBA 20 (Hettich, Germany), 
based in the method described by Braga et al. (2006). The water holding capacity (WHC) was 
calculated according to Equation 3.2, where Waterloss is the water lost in the centrifugation (g) 
and Watergel is the water content of the gel before centrifugation.  
 






 The uniaxial compression tests were performed in a TA-HD Plus texturometer (Stable 
Microsystems Ltda., Godalming, UK) using an aluminum cylinder geometry (25 mm diameter). 
Compression was performed until 80 % of the original height of the sample, at a compression 
rate of 1 mm·s-1. Hencky stress (σH) and strain (εH) were calculated from the height and force 
values (Steffe, 1996). The break point was obtained as the maximum stress value and the Young 
modulus (Y) from the initial linear region of the stress-strain curve. 
 
3.2.7 Statistical analyses 
Statistical analyses were performed using STATISTICA 7.0 (data analysis software 
system) (StatSoft Inc., Tulsa, OK, USA). Statistical significance was determined by Anova and 
Tukey’s tests, using 0.05 as level of significance. All experiments were run at least in triplicate 
 
3.3 Results and Discussion 
 
3.3.1 Characterization of NaCas after heat treatment  
 All samples presented a bimodal particle size distribution with peak values around 23 
nm and 220 nm. The larger particle size is related to NaCas in water (around 200 nm) and the 
smaller size can be associated to the presence of small aggregates in the buffer solution with 
ionic strength higher than 100 mM (HadjSadok et al., 2008; Mezdour & Korolczuk, 2010).  
No significant differences (p > 0.05) were observed between charge density of untreated 
and treated samples. Considering that caseins are highly hydrophobic and charged (Walstra et 
al., 2005), that charge density was stable for all OH processes, including OH carried out at 
different electric field intensities. Much in the same way, at the isoelectric point minimal 
repulsive were found, which favored hydrophobic interactions and protein aggregation 
(Aguilera & Rademacher, 2004; Roefs & Van Vliet, 1990). In general, OH and different levels 
of electric field intensity caused oscillations in the aggregation pattern (mean particle size of 
peak 1) but these were not sufficiently high or at least consistently reproducible to be considered 
statistically significant among comparisons (Table 3.1). In general, the solutions remained 
stable during OH but lack of consistency on measurements should not be overlooked, once it 
can be related to changes on charges organization within protein structure when heating under 






Table 3.1 Surface charge density, hydrodynamic diameter and polydispersity index of protein 
solutions treated at 95 °C for 15 minutes under OH. Different letters in the same column mean 
significant differences between the samples (p<0.05) 
E / (V·cm-1) 
Zeta potential  
mV 




Peak 1 Peak 2 Peak 1 Peak 2 



























 Regarding turbidity and protein solubility measurements, no significant differences (p 
> 0.05) were observed at pH 7.0. (Figure 3.1a and 3.1b) and pH 4.6 (Figure 3.1c and 3.1d), but 
in the latter it was noticed a tendency to increase protein solubility with increasing electric field 
intensity (Figure 3.1c). All caseins contain tryptophan residues in different proportions (Fox et 
al., 2000), allowing the measurement of protein intrinsic fluorescence and thus inferring about 
the amount of soluble protein or protein conformational disturbances imposed by electroheating 
treatments (Figure 3.2a and 3.2b). At pH 7.0 the intrinsic fluorescence remained barely constant 
within the several treated and untreated samples, while at pH 4.6 an increase of peak intensity 
relative to tryptophan/tyrosin emission was observed between 300 and 440 nm (Figure 3.2b) 
for increasing electric field intensity. The intensity of the electric field applied during heating 





































Figure 3.1 a) Soluble protein at pH 7.0 (280 nm), b) turbidity at pH 7.0 (600 nm), c) soluble 
protein soluble at buffer solution pH 4.6 (280 nm) and d) turbidity at buffer solution pH 4.6 (600 
nm) of protein solutions treated at 95 °C for 15 minutes under OH at different electric fields 



































































































































E / (V·cm-1) 
Peak Intensity                      
300 nm to 400nm     
(U.A.) 
Control 12369.66 ± 741.27a 
2 11057.46 ± 1771.60a 
5 11729.86 ± 1371.40a 












E / (V·cm-1) 
Peak Intensity                      
300 nm to 400nm     
(U.A.) 
Control 2852.12 ± 225.30a 
2 3179.78 ± 195.54a 
5 4040.19 ± 487.11a 
  17 4249.14 ± 1132.67a 
 
Figure 3.2 Spectrofluorimetry and intensity of emission peak of tryptophan/tyrosin of 
sodium caseinate solutions treated at 95 °C for 15 minutes by OH at different electric fields: 
a) sodium caseinate solutions at pH 7.0 and b) sodium caseinate solutions at pH 4.6. Different 
letters in the same column mean significant differences between the samples (p < 0.05) 
 
The changes in structure and conformation of proteins could be followed using circular 
dichroism (CD), by identifying the main structural elements (α-helix, β-sheet and coil). The α-
helix structure is observed in a positive band at 190 nm and in a negative band at 208 and 220 







negative band at 218 nm and at 195 nm in a positive band. The random coil structure is 
identified in a positive band near 215 nm and a minimum ellipticity around 203 nm, but only 
the latter was detected for NaCas (Barreto et al., 2003; Greenfield, 2006). Figure 3.3 shows the 
structures observed for NaCas under different electric fields. CD spectra (Figure 3.3) show a 
minimum ellipticity at 203 nm, attributed to the random coil structure, and a pronounced 
shoulder at 220 nm, attributed to the α-helix structure (Barreto et al., 2003; Furtado et al., 2017). 
More ordered structures can be observed at lower proportions, although the predominant 
structures are unordered, as described elsewhere (Furtado et al., 2017; Jahaniaval et al., 2000). 
Caseins show a very flexible rheomorphic structure, allowing these proteins: to be stable to 
temperature and denaturing agents, to have surface activity properties, and making them more 
prone to proteolysis (Fox et al., 2000). Caseins are known to be stable up to 140 °C, at neutral 
pH, for many hours (Fox & McSweeney, 2003). Interestingly, heating treatments at electric 
fields of 2 and 5 V·cm-1 tended to result in a more pronounced decrease of molar ellipticity at 
203 nm and 220 nm, although there were no significant differences between them (Table 3.2).  
Overall, no significant effects were observed on particle size and protein structures 
distribution, even under electric field and temperature effects. However, some evidences of 
changes were observed in relation to protein solubility measured by fluorescence of 
tryptophan/tyrosine at NaCas isoelectric point. Further, as discussed previously, molar 
ellipticity at certain wavelengths (e.g. at 203 nm and 220 nm) also points to conformational 
changes among different treatments, particularly at electric fields ranging from 2 to 5 V·cm-1. 
It is worth nothing that Furtado et al. (2017) observed changes in protein hydrophobicity when 
sodium caseinate was submitted to an ultrasound process, despite not observing alterations in 
the structure or charge density. It can be suggested that the electric current may have imposed, 
even subtly, disturbances on the charges organization and re-orientation of hydrophobic 
residues, as mentioned previously, leading to higher solubility when the pH was reduced 









Figure 3.3 Far-UV circular dichroism (CD) spectra of sodium caseinate solutions treated at 95 
°C for 15 min by OH at different electric field intensities 
 
 
Table 3.2 Molar ellipticity at 203 and 220 nm. Different letters in same column mean 






E / (V·cm-1) θ (°.cm2/(dmol) )x109 
203 nm 220 nm 
Control -2.811±0.005a -0.956±0.005a 
2 -3.364±0.243a -1.156±0.088a 
5 -3.113±0.330a -1.039±0.085a 
17 -2.860±0.199a -1.000±0.087a 
3.3.2. Multivariate analysis 
The classical univariate statistical analysis not always provides accurate information 
about the relationships among the different studied variables, neither it allows the clustering of 
samples with similar characteristics (Destefanis et al., 2000). Multivariate statistical tools are 














































the simultaneous analysis of more than one dependent variable. In this work, hierarchical cluster 
analysis (HCA) and principal component analysis (PCA) were performed to identify a global 
pattern of NaCas behavior treated under different electrical field intensity by linking all 
characterization results discussed above – e.g. particle size distribution, loss of protein 
solubility, intrinsic fluorescence and protein structure.  
Hierarchical cluster analysis (HCA) allowed to identify three clusters in the data set: 
cluster 1) composed of unheated samples; cluster 2) electro-heated samples at 5 V·cm-1 and 17 
V·cm-1; and cluster 3) corresponding to samples electro-heated at 2 V·cm-1. Intrinsic 
fluorescence at pH 7 (p < 0.05) and pH 4.6 (p < 0.01), size measurements at peak 1 (p < 0.01), 
and dichroic signals particularly at 220, 210 and 240 nm (p < 0.001) were the major criteria for 
assigning samples to different clusters (p < 0.05). Other variables such as surface charge, PDI 
and size measurement at peak 2 were not statistically significant (p > 0.05). Figure 3.4a shows 
the outcome of PCA projection of variables and the aforementioned assigned clusters. The first 
and second components together explained more than 60 % of total variation in the results.  
The variability of the first component (horizontal axis) was mainly introduced by 
differences found in structures profile of NaCas (CD). Unheated samples (cluster 1) presented 
a less negative dichroic signal at wavelengths of 203 and 220 nm, followed by solutions treated 
at 5 and 17 V·cm-1 (cluster 2). The more negative dichroic signal of samples treated at 2 V·cm-
1 found in CD ranging from 190 nm to 240 nm indicate the presence of more unordered protein 
structures. CD measurements and intrinsic fluorescence at pH 7 were well correlated according 
to the projection of variables (Figure 3.4b). In opposition, outcomes from protein surface charge 
were negatively correlated with CD measurements.  
Therefore, the electro-heating treatment at 2 V·cm-1 resulted in an increase of protein 
surface charge (less negatively charged) with a concomitant decrease of dichroic signal (more 
negative signal at wavelengths of 203 and 220 nm) or increase of unordered state of the protein. 
The second component (vertical axis) is explained by differences found in size measurements 
and solubility of protein measured by intrinsic fluorescence at pH 4.6. In this case, protein 
solubility was negatively correlated with the size measurement, which means that high protein 
solubility corresponds to protein particles with smaller size. Samples treated at electric fields 
ranging from 5 to 17 V·cm-1 presented higher solubility at pH 4.6 and smaller aggregates when 
compared with unheated samples and samples treated at 2 V·cm-1. It is important to highlight 
that stronger interactions are formed near the isoelectric point (at pH = 4.6 in the case of 








Figure 3.4 Multivariate analysis of NaCas characterization with ellipses representing 95 % of 
mean confidence levels. a) PCA projection of variables and clusters and b) projection of 
variables 
 
3.3.2 Caseinate gels  
During NaCas acidification towards the isoelectric point, phosphoseryl residues and 
carboxyl groups change their ionization state. At the pI, the solubility of NaCas is minimal 
favoring hydrophobic interactions and increasing protein aggregation. Gel formation occurs 
above a critical protein concentration and under slow acidification (employing GDL, for 
example), due to the development of a three-dimensional protein network (Broyard & 
Gaucheron, 2015; Dickinson, 2006; Kuhn et al., 2012). 
Gels were prepared after OH treatment of NaCas solutions and GDL acidification. OH 
was performed at an electric field intensity of approximately 9 V·cm-1, thus attempting to cover 
the electrical effects on solubility of NaCas solutions previously observed through multivariate 
analysis at electric fields ranging from 5 V·cm-1 to 17 V·cm-1. Conventional heating was also 
used to produce NaCas gels.  
 Gels pretreated with conventional and OH showed significant differences (p < 0.05) 
when compared to the gel control, particularly in relation to rupture stress and strain, and water 
holding capacity (Figure 3.5a, 3.5b and 3.5d). Rupture stress values (associated to gel hardness) 
showed the greatest difference between the heating treatments and the control (Figure 3.5b), 






and heated samples. It means that heating treatments, even considering sub-lethal temperatures 
(< 100 ºC) for this type of protein, could induce conformational changes (i.e. increase of random 
coil structures) impacting its technological functionality. Nevertheless, regardless of the type 
of heat treatment applied (with or without the presence of an electric field), and although the 
gels produced were prone to syneresis (WHC), they always showed to be self-standing (Figure 
3.6).  
In general, the gels formed by conventional or OH did not differ significantly from each 
other (p > 0.05). However, only those treated under the effect of electricity presented less water 
holding capacity when compared with the unheated samples (p < 0.05). When we discussed the 
influence of electric field and its intensity on the NaCas solutions, we noticed that the protein 
became more soluble (lower precipitation) at the pI with the increase of the intensity of the 
electric field applied. Such alteration may have caused a change in the gel network formation, 
leading to a decrease in the water holding capacity. 
Hydrophobic interactions, as well as electrostatic forces (Horne, 1998), are an important 
requirement to the development of a three-dimensional protein network, and thus to gel 
formation (Dickinson, 2006; McMahon et al., 2009). Considering that the same conditions of 
temperature and acidification were employed for all systems, it can be hypothesized that 
changes found between NaCas gels are the result of alterations in hydrophobic interactions and 
electrostatic forces between caseins. Changes in NaCas conformation result in the exposure of 
unique hydrophobic domains, affecting its solubility and functional properties (Jahaniaval et 
al., 2000). The synergistic combination between heating and the presence of MEF may have 
imposed disturbances and re-orientation of hydrophobic residues and re-distributions of 
charges, thus affecting the establishment of a three-dimensional network, and consequently, 























































































































































Figure 3.5 Mechanical properties and water holding capacity of sodium caseinate gels 
prepared from protein solutions treated by conventional and OH at 95 °C for 15 min, and 
without treatment: a) rupture strain, b) rupture stress, c) water holding capacity and d) Young 















Figure 3.6 Sodium caseinate gels prepared from protein solutions treated under conventional 
and OH and without treatment.  (A) Control, (B) Conventional Heating and (C) OH 
b) a) 







This study evaluated effects of OH and its MEF on the functional properties of NaCas. 
Heating pre-treatments, even below ultra-high temperature regimes, induced changes in the 
NaCas acidified gels. Multivariate analysis allowed to verify that the application of MEF at 
different intensities can promote different patterns of physical properties of NaCas solutions, 
particularly in respect to protein solubility at the isoelectric point, together with inferences in 
hydrophobic interactions. Conventional and OH give rise to gels with similar mechanical 
features, but the structural alterations promoted by OH were sufficient to produce a gel with 
less water holding capacity, while there were no statically significant difference between 
unheated and conventional heated samples. 
These results suggest potential applications of ohmic heated NaCas in acidic gel systems 
or fluid foods. Moreover, the effects of electro-heating on the increase of NaCas solubility 
towards acidification may disclosure new functionalities or facilitate interactions with other 
proteins that should be explored in future research. Application of electrical fields at 
sterilization temperatures should also be considered since it could increase the magnitude of 
protein conformational disturbances and thus bring new technological functional properties to 
the produced gels.  
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[θ], molar ellipticity  
c, molar concentration 
E, electric field 
FTrp, tryptophan/tyrosin fluorescence value 
GDL, glucono-δ-lactone 
HCA, hierarchical cluster analysis 
Hd, hydrodynamic diameter (mode) 
l¸ light path length 
MEF, moderate electric fields 
NaCas, sodium caseinate 
PCA, principal component analysis 
PDI, polydispersity 
pI, isoelectric point 
PTFE, polytetrafluorethylene 
U.A., arbitrary units 
Watergel, water initially present in the gels, before centrifugation 
Waterloss, water lost during centrifugation 
WHC, water holding capacity 
Y, Young’s modulus 
εH, rupture strain 
θ, instrumental measured ellipticity 
λ, wavelength 
σ, charge density 
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Abstract 
Caseins have chaperone properties in presence of unfolded globular proteins, as whey 
proteins, by assisting folding and unfolding of these proteins, preventing formation of 
undesirable structures and controlling size of aggregates during thermal denaturation process. 
The non-thermal effects of moderate electric fields, inherent to OH application, has been 
increasingly investigated in terms of the functionalization of globular proteins to give rise to 
products with distinct characteristics. Therefore this work aimed to study the chaperone effect 
of sodium caseinate (NaCas) in presence of whey protein isolate (WPI) under the influence of 
moderate electric fields. For this, solutions containing NaCas and WPI were first prepared and 
then they were subjected to electric fields and simultaneous slow acidification at room 
temperature to form gels. As a control, samples were submitted to conventional heating 
treatments. Results showed a greater interaction between NaCAS and whey proteins with an 
increase in the intensity of the electric field applied, confirmed by fluorescence and circular 
dichroism assays. In general, at the electric field the produced gels presented a behavior similar 
to those formed by conventional heating but a consistent decrease in gel resistance and water 
holding capacity in gelation performed into tubes at room temperature was observed with 
increasing electric field. Therefore, it was possible to observe and evaluate chaperone-like 
effect of casein (from NaCas) on denatured whey proteins under conditions of ohmic heating 






ohmic heating technology in proteins, as well as new strategies to explore protective effect of 
biopolymers, such as caseins. 
 




- Chaperone-like effect of sodium caseinate was evident under ohmic heating with moderate 
electric fields. 
- Electric fields affects the network gel formation composed by sodium caseinate and whey 
proteins assisting the chaperone-like effect of caseins. 
- Mixed acid gels produced with whey proteins and sodium caseinate submitted to electric fields 
were weak and presented low water holding capacity. 
- There is a limitation on the intensity of moderate electric fields to control the chaperone-like 
effect. 
 
4.1 Introduction  
Acid gelation of proteins can be performed by adding organic acids, acidulants or 
microbial cultures, changing the repulsive and attractive forces between protein-protein and 
protein-solvent. At isoelectric point, repulsive forces are minimal, favoring hydrophobic 
interactions and leading to protein aggregation and gel formation. Acid gelation of globular 
proteins is usually preceded by a heating step. Firstly, proteins in the native globular form are 
heated above their denaturation temperature, leading to the exposure of reactive groups to 
covalent interactions gelation, such as disulfide cross-links, thus resulting in the formation of 
aggregates. In a second stage, an agent is used to reduce electrostatic repulsion and increase the 
proteins interactions that result in a three-dimensional gel network. The first step is not 
necessary for the formation of acid gels of proteins with unordered structure, such as caseins, 
because they have exposed reactive groups (Kuhn et al., 2012).  
Caseins are rheomorphic polymers that show amphiphilic character and polymerizing 
behavior, since the αs- and β- fractions, as well as the mixture between them, can interact and 
associate according to pH, temperature and ionic strength. For example, gelation can occur 
between pH 5.3 and 4.9,  because β-caseins acquire positive charge and interact electrostatically 






chaperone-like effect of caseins has been related, mainly for αs- and β-caseins. Chaperone 
proteins are proteins that assist folding or unfolding through non-covalent interactions, although 
do not make up their biological function. Their main function is to prevent that functional 
structures can be denatured into non-functional structures (Akbari, Bamdad, & Wu, 2018). For 
example, caseins in the presence of partially unfolded globular proteins can prevent or reduce 
amyloid fibrils growth, giving rise to amorphous aggregates (Horne, 2009; Thorn et al., 2015). 
Whey proteins, mainly β-lactoglobulin (that comprise about 50% of these proteins) and 
α-lactalbumin are globular proteins very sensitive to heating; unlike caseins, which are 
considered non denaturable in normal conditions of pH, salt and protein content (Bylund, 1995; 
Kannan et al., 2012).  After heating, β-lactoglobulin becomes less soluble and forms disulfide 
bridges, as it has sulfhydryl groups that become reactive to covalent bonding that can result in 
formation of complexes with α-lactalbumin and also gelation. However, when pH is close to 
the isoelectric point of these proteins, the repulsion forces are minimized and the non-covalent 
forces become responsible for the gel formation (Corredig, 2005; Kannan et al., 2012; Walstra 
et al., 2005). Whey proteins mixed with other proteins can form a bicontinuous structure, 
modifying the structure of the gel when compared to gels formed with only one type of protein. 
Interactions between casein and whey proteins occur during acid gelation, especially when a 
pre-heating step is applied (Corredig, 2005; Sadeghi et al., 2014). 
 Ohmic heating (OH) or Joule effect takes place when an alternating electrical current 
across a given semi-conductive material resulting in generation of internal heat. Unlike other 
heating methods, OH involves a pair of electrodes contacting the material and the application 
of electrical current with a certain electrical frequency and waveform (Vicente et al., 2012). 
This process is recognized for providing a better quality product, less cooking time, low costs, 
high energetic efficiency, being considered for all these reasons an environmentally friendly 
processing technology (Varghese et al., 2014).  Several works deal with the effects of OH on 
the functional properties (mainly gelation and emulsifying properties) of globular food proteins 
such as  whey proteins (Pereira et al. (2010), Pereira; Teixeira; Vicente (2011), Rodrigues et al. 
(2015) and Pereira et al. (2016)(Furtado et al., 2018)) and soybean (Li et al. (2017)). In addition, 
slight changes in the gelling properties of sodium caseinate under the effect of electric fields in 
acidified systems were recently identified (Moreira et al., 2019).  
 In the light of this new knowledge, in particular knowing that OH can change 
denaturation pathways of whey proteins as well as affect gelling properties of sodium caseinate, 






Therefore, this work aimed to investigate the influence of application of moderate electric fields 
(MEF) upon OH in mixtures of whey protein and sodium caseinate to better understand the gels 
properties formed from these components. Two conditions were tested: acid gels formed before 
OH treatment and acid gels formation during OH treatment. 
 
4.2 Materials and Methods 
 
4.2.1 Materials 
  Sodium caseinate powder (NaCas), NA90 (91% protein) and whey protein isolate 
(WPI), Lacprodan DI-9212 (91% protein) were kindly provided by Alibra Ingredients Ltda. 
(Campinas, Brazil) and Arla Foods (Viby, Denmark), respectively. Glucono-δ-lactone (GDL) 





4.2.2.1 Acid gels prepared to be subjected to OH treatment 
4.2.2.1.1 Preparation of NaCas and WPI solutions  
Protein solutions 6% (w/v) were prepared in ultrapure water in the ratio NaCas:WPI 1:1 
(w/w) under magnetic stirring overnight. The final pH was adjusted to 7.0 with 1M NaOH 
and/or HCl (Braga et al., 2006). 
 
4.2.2.1.2 Heating treatment of protein solutions 
Protein solutions were subjected to both conventional heating (CH) and ohmic heating 
(OH) at 95 °C for 15 minutes. In order to perform CH, test tubes were placed in a temperature-
controlled water bath. CH served as a control to understand the effects (thermal and non-
thermal) of ohmic heating. For OH treatments, protein solutions were conditioned into a 
cylindrical reactor (30 cm total length and 2.3 cm inner diameter) containing two stainless steel 
electrodes isolated with polytetrafluorethylene (PTFE) and moderate electric fields (MEF) of 9 
V.cm-1 were applied. Tension was controlled using a function generator (Agilent 33,220 A, 
Bayan Lepas, Malaysia; 1 Hz-25 MHz and 1 – 10 V) connected to an amplifier (Peavey 
CS3000, Meridian, MS, USA; 0.3 – 170 V) (Rodrigues et al., 2015). The temperature 






the geometric center of the sample volume and connected to a data logger (National 
Instruments, USB-9161, USA). All heating processes were performed using a magnetic stirrer 
to efficiently heat transfer to samples. All samples were immediately cooled after heating 
process. 
 
4.2.2.1.3 Proteins gelation 
Acid gels were formed from GDL addition to CH or OH heat-treated (95 °C/15 minutes) 
protein solutions in the ratio 0.18 (w/w) GDL/protein (Braga et al., 2006). An acid gel was also 
prepared with non-heated protein solution (control). Protein solutions at room temperature were 
agitated during 8 minutes, in order to guarantee a complete and homogeneous solubilization of 
GDL. These solutions were stored into a vessel (14 mm diameter) for 48 hours at room 
temperature for gel formation. All gels were analyzed in terms of water holding capacity 
(section 4.2.2.3.5) and mechanical properties (section 2.2.3.6). 
 
4.2.2.2 Study of interaction between proteins 
4.2.2.2.1 Preparation of NaCas and WPI Solutions to MEF studies 
A stock solution 1% (w/v) was prepared in the ratio 1:1 (w/v) of NaCas and WPI in 
phosphate buffer 0.1 mol. L-1, pH 7.0, containing 0.01 % (w/v) of sodium azide. The solution 
was stirred overnight under magnetic agitation. After that this solution was centrifuged at 3461 
g for 30 minutes (Mikro EBA 20, Hettich, Germany) and then filtered twice in a pore size of 
0.2 µm (adapted from HadjSadok et al., 2008). The final pH of solutions was checked and if 
necessary, the pH was adjusted with 0.2 mol. L-1 NaH2PO4 or Na2HPO4. A lower concentration 
of proteins (compared to 6% w/w) aimed at better visualization of interactions and the use of 
the buffer solution was relevant to allow the adjustment of electrical conductivity to OH effect 
take place. 
Solution was precipitated with acid before to be submitted solubility (section 4.2.2.3.2) 
and intrinsic fluorescence (section 4.2.2.3.3) assays. Proteins were precipitated near the 
isoelectric point (pI) of caseins (pH 4.6) using an acid solution containing acetic acid 0.83 M 
and sodium acetate 0.2 M (1:1 protein: acid solution). The final solution was centrifuged at 
17530 g for 10 minutes (Mikro 120, Hettich, Germany), and the supernatant was recovered for 







4.2.2.2.2 Heating Treatments for MEF studies 
Heating procedures were described in the section 4.2.2.1.2, although in this study three 
distinct moderate electric fields (MEF) - i.e. 4, 7 and 18 V.cm-1  -+ were applied during heating  
to the acidified protein solutions conditioned into the reactor.  After immediate cooling, samples 
were stored into a vessel (14 mm diameter) for 48 hours at room temperature. Samples were 
evaluated from particle size distribution and zeta potential measurements (section 4.2.2.3.1), 
soluble protein (section 4.2.2.3.2), intrinsic fluorescence (section 4.2.2.3.3) and circular 
dichroism (section 4.2.2.3.4).  
 
4.2.2.3 Analyses 
4.2.2.3.1 Particle size distribution and zeta potential 
Particle size distribution and zeta potential were evaluated from dynamic light scattering 
and electrophoretic mobility, respectively, in a Zetasizer Nano (ZEN 3600, Malvern 
Instruments Ltd, Malvern, UK) at 25 ± 0.5 °C. The mean particle size was analyzed from 
hydrodynamic diameter and polydispersity from PDI (polydispersity index) evaluation (Zeta 
Software 7.11, Malvern Instruments Ltd, Malvern, UK). 
 
4.2.2.3.2 Solubility 
Protein solubility was evaluated at 280 nm in microplates reader (Biotek Synergy HT, 
Biotek, Winooski, USA), at pH 7.0 and pH 4.6 (acidified solution described in section 
4.2.2.2.1.).  
 
4.2.2.3.3 Intrinsic fluorescence  
Protein solutions at pH 7.0 and pH 4.6 were diluted (1:100) to avoid unwanted effects 
of light scattering on measurements. Assays were performed at 286/340nm 
(excitation/emission) due to the fluorescence of tryptophan residues (FTrp) using a fluorescence 
spectrophotometer (Hittachi, F-4500, Tokyo, Japan) (Birlouez-Aragon et al., 2002; Hidalgo et 
al., 2012; Pereira et al., 2011).  
 
4.2.2.3.4 Circular Dichroism (CD) 
 Proteins structure was observed in Far-UV circular dichroism. Samples were diluted 
(1:50) at 25°C and visualized within the wavelength range of 190 to 260 nm on the Jasco DC 






The resolution was 0.5 nm and the scanning speed was 50 nm/min with 2 s of response time 
and 1 nm bandwidth. Two spectra were obtained for each sample. Molar ellipticity [θ] was 
calculated from Equation 4.1, where c is the concentration, l is the optical path (cm), θ is the 






       (4.1) 
 
4.2.2.3.5 Water holding capacity (WHC) 
 Gel discs (~1g) were placed on Whatmann filter paper (Maidstone, UK) and introduced 
into falcon tubes (15 mL). Samples were centrifuged at 162.47 g for 10 minutes in a Mikro 
EBA 20 centrifuge (Hettich, Germany) at room temperature. WHC was obtained from the 
difference between mass before and after centrifugation (Braga et al., 2006) and calculated by 
Equation 4.2, where Waterloss is the water mass released after centrifugation (g) and Watergel is 
the water mass of gel before centrifugation.  
 
𝑊𝐻𝐶 % = 100·[1 − (𝑊𝑎𝑡𝑒𝑟𝑙𝑜𝑠𝑠 )/𝑊𝑎𝑡𝑒𝑟𝑔𝑒𝑙)]         (4.2) 
 
4.2.2.3.6 Mechanical properties 
 Uniaxial compression was performed in a TA-HD Plus (Stable Microsystems Ltda., 
Godalming, UK) equipped with a cylindrical aluminum geometry (25 mm diameter). Assays 
were made until 80% of samples original height using compression rate of 1 mm/s. Thus 
Hencky strain (σH) and stress (εH) were obtained (Steffe, 1996) from the maximum peak of 
stress which was considered the rupture point. Young modulus was calculated from the slope 
of the initial linear region of the stress-strain curve.  
 
4.2.2.4 Statistical analysis 
 The statistical analysis was made determining the statistical significance by Anova and 










4.3 Results and Discussion 
 
4.3.1 Characterization of gel prepared with previously heat-treated solution  
 All prepared gels were self-standing and presented syneresis (Figure 4.1). Control gel 
(without heat treatment) showed the lowest stress and strain at rupture, elasticity modulus and 
water holding capacity in comparison to gels prepared with previously heat-treated solutions. 
These results indicate that acidification alone was not enough to form gels with good 
mechanical resistance and water holding capacity (Figure 4.1 and 4.2). Results from Figure 4.2 
unveil that the unfolding of whey protein molecules resultant from heating favored proteins 
aggregation under acidic conditions, thus improving gels properties (Guyomarc’h et al., 2009; 
Matsudomi et al., 2004; Morgan et al., 2005; Zhang et al., 2005). At low temperatures (< 65°C) 
there is a prevalence of globular shape due to the dominant hydrophobic effect, while at higher 
temperatures the dominant effect is related with the configurational entropy that favors the 
unfolding of the protein structure (Bryant & Julian McClements, 1998). 
 Hydrolysis of GDL in gluconic acid induces medium acidification  (de Kruif, 1997), 
allowing  gel formation due to the decrease of electrostatic repulsion between the heat-treated 
whey proteins (Alting et al., 2014; Cavallieri & Cunha, 2008). Greater exposure of hydrophobic 
groups can favor the formation of covalent bonds, such as disulfide bonds, which are primarily 
responsible for the network stabilization and consequent increase of the gel strength (Alting et 
al., 2014). No statistical differences were observed between mechanical properties of gels CH- 
and MEF- treated, although it is possible to observe a tendency to decrease strain and stress at 
rupture of MEF-gels (Figure 4.2). In addition, this is corroborated by the fact  the water holding 
capacity of MEF gels was significantly lower than CH gels (p < 0.05)which can be associated 
to a weaker network. Thus, MEF-treated protein solutions appear to have less hydrophilic 
groups available to form a gel network that is strongly influenced by hydrophobic and 
electrostatic interactions (Dickinson, 2006; Horne, 1998; McMahon et al., 2009). 
Due to the heat treatment, the chaperone-like effect needs to be considered on the 
hydrophobic interactions between caseins and whey proteins (Kehoe & Foegeding, 2011; Y. H. 
Yong & Foegeding, 2008; Yie Hui Yong & Foegeding, 2010). Caseins act to moderate whey 
proteins aggregation, which depends on pH and temperature of heat treatment. For example, 
the increase in the proportion of caseins in mixed systems subjected to 120°C at pH 7.0 allowed 
the formation of smaller aggregates of whey proteins, without the inclusion of caseins in the 






detailed analysis of the impact of the application of electric fields was proposed in order to 
evaluate the chaperone effect under OH+treatment conditions. 
  
Figure 4.1 Gels of NaCas:WPI prepared from previously heat-treated solutions at 95 °C for 
15 minutes: (A) Control (protein solution not heat-treated), (B) Conventional Heating and 
(C) Ohmic Heating under moderate electric fields 
  
   
Figure 4.2 Mechanical properties and water holding capacity of NaCAS: WPI gels prepared 
from heat-treated protein solutions to 95°C for 15 min under different conditions. Control: 
non heat-treated proteins, CH: conventional heat treatment and MEF: ohmic heating at 
moderate electric field. a) Stress at rupture, b) Strain at Rupture, c) Water Holding Capacity 
and d) Young Modulus. Different lower case letters mean statistically significant differences 















































































































































4.3.2. Characterization of NaCas:WPI solutions subjected to different conditions of ohmic 
treatment  
 Aiming at a better understanding of the interactions that govern the properties of mixed 
systems subjected to MEF, we studied diluted NaCas/WP solutions under the action of different 
intensities of electric fields (4, 7 and 18 V cm-1). These systems were compared to protein 
solutions without heat treatment (control) and treated with a water bath (CH). In relation to 
particle size distribution, all protein solutions presented bimodal distribution with peaks around 
25-30 and 170-210 nm. Significant differences between the samples were observed only for the 
control in relation to the heat-treated samples, indicating that the effect of electric fields did not 
overcome the heating effects (Table 4.1). It is important to mention that, due to the low 
concentration employed and in order to modulate the applied tension, a buffer solution had to 
be used to increase the ionic strength of the medium, although it should have reduced the 
chaperone-like effect of the caseins on denatured proteins (O’Kennedy and Mounsey, 2006).  
The flexible structure of some proteins, as observed in caseins, is very important to show 
the chaperone effect (Morgan et al., 2005). An efficient chaperone effect of αs- caseins was 
identified in presence of β-lactoglobulin in the ratio 1:1 (w/w) at pH 7.0 and 70°C (Morgan et 
al., 2005). A protective ability of αs- caseins on ovotransferrin aggregation under heating at pH 
7.0 was also observed, attributed to complexes formation between αs- caseins and hydrophobic 
groups of ovotransferrin exposed on denatured surface that hindered ovotransferrin-
ovotransferrin interactions (Matsudomi et al., 2004). Chaperone-like effect was also identified 
in β-caseins at 55°C which was assigned to their greater hydrophobicity in relation to αs- caseins 
(Zhang et al., 2005). Mixtures of WPI and NaCas or κ-casein under heating were evaluated, 
showing that κ-caseins can build more disulfide bonds with WPI than NaCas. It means that the 
presence of other caseins reduces the binding capacity of κ-casein with whey proteins 
(Guyomarc'h et al., 2009). Since all the caseins have shown chaperone effect, a competition 
between NaCas proteins can be expected to bind with denatured globular proteins. 
There were no significant differences between the zeta potential values of the control 
sample and those subjected to CH and MEF treatments; although a tendency to decrease these 
values was observed with the increase of the electric field intensity. A similar behavior was 
observed by Liyanaarachchi, Ramchandran, & Vasiljevic (2015), since mixtures of whey 
protein and casein in concentrated systems (10 %wt.) subjected to heating treatment (90°C) 







Table 4.1 Hydrodynamic diameter, polydispersity index (PDI) and zeta potential of heat 
treated solutions (95 o C for 15 min) under moderate electric fields (MEF) at 4, 7 or 18 V.cm-
1  and conventional heating (CH). Control: non heat-treated solutions. Different letters in the 




Hydrodynamic Diameter (nm) 
Polydispersity 
(PDl) 
Peak 1 Peak 2 Peak 1 Peak 2 
Control -24.88 ± 3.31a 210.87 ± 7.20b 24.55 ± 2.00a 0.17 ± 0.03b 0.07 ± 0.02a 
CH -23.34 ± 3.38a 170.67 ± 6.25a 25.83 ± 7.07a 0.30 ± 0.08a 0.07 ± 0.01a 
MEF- 4 V cm-1 -21.50 ± 3.72a 174.56 ± 6.35a 25.54 ± 5.51a 0.30 ± 0.11a 0.08 ± 0.01a 
MEF- 7 V cm-1 -19.31± 1.31a 175.34 ± 8.27a 28.93 ± 4.17a 0.26 ± 0.07ab 0.08 ± 0.02a 
MEF- 18 V cm-1 -25.29 ± 4.37a 174.21 ± 9.86a 28.50 ± 7.55a 0.26 ± 0.07ab 0.08 ± 0.02a 
 
 
Results of protein solubility reflected the particle size distribution, since significant 
differences were observed only between the thermally treated and the control solutions, 
regardless of the type of process or the intensity of the electric field (Figure 4.3a). A reduction 
in protein solubility would be expected if solutions were prepared only with WPI, considering 
the increase in protein-protein interactions (Gunasekaran & Solar, 2012). However, the 
solubility of heat-treated samples increased, indicating the chaperone effect of NaCas, 
protecting against protein-protein aggregation and thus reducing the formation of large 
aggregates. An expected drop in solubility occurred at pH 4.6 (Figure 4.3b) due to the isoelectric 
precipitation of caseins and unfolded β-lactoglobulin as previously observed (Pereira et al., 
2011).In acidic conditions, close to the isoelectric point of proteins, aggregates formation can 
be observed due to the increase in hydrophobic interactions and decrease of repulsive forces 






Changes on the maximum emission wavelength of tryptophan allowed the identification 
of protein conformational changes associated to chaperone effects. Caseins, αs1-, αs2- and β- 
caseins, as well as α-lactalbumin and β- lactoglobulin have tryptophan residues that can be 
identified by this technique (Fox & McSweeney, 1998; Morgan et al., 2005; Mossallatpour & 
Ghahghaei, 2015). In general, fluorescence studies show that the treated solutions present 
greater differences of fluorescence in the tryptophan region (between 300 and 400 nm) and, in 
fact,  heat treatment increased the intensity of the tryptophan peaks at pH 7 and decreased at 
pH 4.6 (p < 0.05), thus confirming solubility results.  
 
Badii & Howell (2002) and Ngarize, Adams, & Howell (2004) mentioned in their 
studies a relationship between decreased emission of tryptophan and exposure of hydrophobic 









Figure 4.3 a) Soluble protein at pH 7.0 and b) at pH 4.6 of NaCas:WPI solutions treated at 95°C 
for 15 min under different process conditions of ohmic (4, 7 and 18 V.cm-1) or conventional (CH) 
heating. Control: solutions without heat treatment. Different letters in the same column mean 


























































OH treatments at 4 e 7 V cm-1, indicates less hydrophobicity in these conditions of moderate 
heat treatment. As the chaperone effect mainly affects hydrophobic interactions (Treweek et 
al., 2011),  these results may be associated with a greater degree of protection of caseins against 
whey proteins unfolding, as observed in previous works that used αs-caseins (Treweek et al., 
2011), β-caseins (Zhang et al., 2005) and κ-caseins or sodium caseinate (Guyomarc’h et al., 
2009). Therefore, these moderate conditions allowed to avoid the formation of large aggregates 
in relation to the control (untreated) and CH samples (Figure 4.4a), although it was not clear in 
the results of particle size (Table 4.1). These results indicate that the depending on the intensity 
of the electric field applied – i.e. 4 or 18 V/cm - different outcomes can be obtained regarding 
intrinsic protein fluorescence, being these differences linked with type of the produced 
aggregates. 
A similar behavior was observed at pH 4.6, but a significant difference was observed 
between the fluorescence of CH and MEF treated solutions (p < 0.05) after the increase in 
hydrophobic interactions near proteins isoelectric point. OH-treated samples presented higher 
peak intensity between 300 to 400 nm (Figure 4.4b) or a higher solubility compared to 
conventional heat treatment. Therefore, we can assume that changing the polarity of 
environment exerted a lesser effect on OH-treated systems at 4 e 7 V cm-1, resulting in smaller 
aggregates (Morgan et al., 2005). These results suggest a greater interaction between NaCas 
and WPI (or decreased interaction WP-WP) with electric fields of 4 e 7 V cm-1, this condition 
being more favorable to the protective action of casein. These smaller aggregates under MEF 
effects may explain the reduced water holding capacity given a less strong protein network. 
Circular dichroism allowed identifying secondary protein structures such as α- helix 
(observed as positive peak at 208 and 220 nm), β-sheet (observed as positive peak at 218 nm) 
and unordered structures or random coil (negative peak at 203 nm) (Barreto et al., 2003; 
Greenfield, 2006). A significant difference can be noted between the control and heat-treated 
samples, mainly in relation to the increase in the random coil and α-helix structures (p < 0.05) 
(Figure 4.5). Nonetheless, there was a trend of greater magnitude of peak intensity with the 
application of 4 e 7 V cm-1 in the 203 and 208 nm region in relation to CH and 18 V cm-1 
samples, indicating that more intense treatment was less effective as observed in the previous 









Figure 4.4 Fluorescence spectroscopy and emission peak intensity of tryptophan in 
NaCas:WPI solutions treated to 95 °C for 15 minutes using different conditions of heat 
treatment. Control: without heat treatment. CH: conventional heating. 4, 7 or 18 V. cm-1: 
ohmic heating a) pH 7.0 and b) pH 4.6. Different letters in the same column mean statistically 


























































Figure 4.5 Circular dichroism (CD) Far-UV spectra of NaCas: WPI solutions treated at 95°C 
for 15 minutes under different conditions of ohmic (4, 7 and 18 V.cm-1) or conventional (CH) 
heating. Control: solutions without heat treatment 
 
Liyanaarachchi et al. (2015) found an increase of random coil structures accompanied 
by loss of α- helix at 100°C, but at 120°C observed a proportion of α-helix and β-sheet similar 
to samples heated at lower temperatures. This led us to believe that caseins tended to slightly 
preserve structures under electric fields (in conditions used in this work), as we can observe a 
slight increase of α-helix with the increase of intensity of moderate electric field, which is lost 






















































 Studies were carried out on the effect of moderate electric fields in NaCas-WPI solutions 
and gels, being possible to verify the chaperone effect of caseins on whey proteins. Results 
showed a weakening of the gels with the application of electric fields, which can be explained 
by fluorescence and dichroism assays. The electric field favored the chaperone effect of caseins 
in the presence of unfolded whey proteins, impacting the gel structure and properties. The 
chaperone-like effect exerts a protective action against aggregation of unfolded proteins, 
justifying weaker mechanical properties and less water holding capacity of gels produced with 
solutions treated under electric fields in relation to gels prepared with solution under 
conventional heating. Therefore these results not only explore the chaperone-like effect of 
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[θ], molar ellipticity  
c, concentration 
CH – conventional heating 
E, electric field 
FTrp, tryptophan/tyrosin fluorescence value 
GDL, glucono-δ-lactone 
Hd, hydrodynamic diameter  
l¸ optical path length 
MEF, moderate electric fields 
NaCAS, sodium caseinate 
OH – ohmic heating 
PDI, polidisersity 
pI, isoelectric point 
PTFE, polytetrafluorethylene 
U.A., arbitrary units 
Watergel, water initially present in the gels, before centrifugation 
Waterloss, water lost during centrifugation 
WHC, water holding capacity 
WPI – whey protein isolate 
Y, Young’s modulus 
εH, rupture strain 
θ, instrumental measured ellipticity 
λ, wavelength 
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Abstract 
Ultrasound has been widely explored for several applications, such as emulsification or 
structural modification of food materials, as proteins. In this work, we aimed to evaluate the 
effect of ultrasound on control of aggregation of whey proteins in the presence of sodium 
caseinate. Diluted solutions (1% m/m) of sodium caseinate, whey proteins and both proteins 
(1:1) were treated with ultrasound under different conditions of power and time, with a fixed 
frequency of 20 kHz, before being evaluated in terms of particle size distribution, charge 
density, pH and polyacrylamide gel electrophoresis. The choice of ultrasound conditions was 
based on the energy density supplied to the system; therefore, three pairs of conditions were 
adopted that provide the same energy density, although with different times and power values. 
From these tests, the better conditions of transmitted energy were selected, and then, studies of 
surface hydrophobicity, circular dichroism and infrared spectroscopy by Fourier transform were 
performed in order to observe more deeply the influence of ultrasound on proteins properties. 
Finally, concentrated protein solutions were subjected to acid gelation to assess the effect of 
structural changes caused by the ultrasound application. This study allowed to identify that 
higher power values with shorter times were able to provide greater protein changes and, 
consequently, on gelation properties. 
 
Keywords: chaperone, sodium caseinate, whey proteins, β-lactoglobulin, α-










- Ultrasound promotes structural changes into sodium caseinate and whey proteins. 
- Interactions between sodium caseinate and whey proteins are modified after ultrasound 
process. 
- Long times of ultrasound treatment promoted a decrease of transmitted energy in 
comparison to shorter times. 
- More intense ultrasound treatment induced formation of more ordered structures, specially 
combining different proteins. 
 
 5.1 Introduction 
Caseins correspond to about 70 to 80% of bovine milk proteins and they are composed 
of αs1-, αs2-, β- and κ-caseins that are organized in micelles. The hydrophobicity of caseins 
depends on the variety and amount of polar and nonpolar amino acids of the phosphoseryl 
groups in the different fractions, which follows the order: β > αs1 > αs2 [1,2]. The casein 
phosphoseryl groups exert electrostatic repulsion to maintain the flexible chain partially folded 
in order to find its suitable conformation [1]. In addition, phosphoseryl peptides found in αs- 
and β-caseins, contribute to the amphiphilicity of caseins, which is an important characteristic 
of their biological functions. The amphiphilic character of caseins, together with their 
flexibility, is important for their functionality, such as chaperone-like activity. Molecular 
chaperones are a large group of proteins that assist in the folding and refolding of synthetized 
or denatured peptide chain/proteins aiming to reduce undesirable interactions. In this sense, 
caseins are able to bind to partially denatured hydrophobic protein groups.  
Whey protein is a mixture of globular proteins with different properties and functions. 
The main fractions are β-lactoglobulin (β-lg) and α-lactalbumin (α-la); the first represents about 
50% of the whey proteins, while the second is around 30% of composition [3,4]. The other 
minor components are serum albumin (BSA) and immunoglobulins (mainly glycoproteins). 
The properties of these proteins are dependent on pH, salt concentration and the presence of 
other proteins [2,3]. Denaturation of globular proteins can occur with the application of 
pressure, heating and other agents. For example, β-lg can be denatured using alkali, heating, 
pressure, addition of organic compounds and metal ions [2,3,5]. In addition, changes in the 
structure of whey proteins and denaturation can be reached by ultrasound effect as observed in 






Non-thermal technological processes, such as ultrasound, have focused on achieving 
food products with high quality and safety [11]. Different magnitudes of power, frequency and 
process time can be used in ultrasound treatments. High power ultrasound (10 to 1000 W/cm2) 
is applied at low frequencies (20 to 100 kHz), while low power (up to 10 W) use high 
frequencies (20 to 10 MHz) [11]. Low power cannot cause physical or chemical modifications 
in macromolecules, and is used in diagnostics or in the low production of reactive radicals 
(frequency from 5 to 10 MHz) [11,12]. At high power, in an aqueous medium, occurs bubbles 
formation and cavitation that affect the surrounding bubbles. The energy released allows a 
series of mechanical and chemical transformations, enhanced with the appearance of shear 
forces and increase in temperature. Frequencies of 20 to 40 kHz and power intensities greater 
than 10 W/cm2 are usually employed to form oil-in-water emulsion, reduce polymers molecular 
weight, clean and extract bioactive and organic components [12,13]. 
The use of low frequencies in whey proteins is effective in reducing viscosity in relation 
to high frequencies, due to the high shear forces generated [12]. Chandrapala et al. (2012) 
studied mixed and isolated systems containing β-lg and α-la subjected to ultrasound treatment. 
They observed that sonication promoted an increase, mainly, in free thiol groups in α-la and an 
increase in surface hydrophobicity of both proteins. However, when both proteins are mixed, 
there was a decrease in surface hydrophobicity and an increase in the aggregation of protein 
particles, resulting in a stronger gel with less syneresis compared to whey protein gels [15]. 
Other reasearchers have shown that the ultrassonic process has the potential to improve the 
funcional properties of milk proteins without impairing nutritional values [12]. Nevertheless, 
the effect of caseins/sodium caseinate interactions in the presence of globular proteins, as whey 
protein, in the gel formation, aiming to evaluate a possible chaperone-like effect, have not yet 
been accomplished. Thus, this work aimed to evaluate the interaction between whey proteins 
and sodium caseinate, together and separated, under the effect of different ultrasound 
conditions, since it can open new horizons for engineering food ingredients. 
 
5.2 Material and Methods 
 
5.2.1 Materials 
Sodium caseinate powder (NaCas), NA 90, and whey protein isolate powder (WPI), 
Dairy Compound CL 3987, were provided by Alibra Ingredientes Ltda. (Campinas, Brazil), 






respectively. δ-Gluconolactone (GDL) ≥ 99% was purchased from Sigma Aldrich (St Louis, 




5.2.2.1 Protein Solutions: preparation and ultrasound treatment 
 NaCas and WPI were mixed in a 1:1 ratio, diluted in ultrapure water at 1% (w/w) and 
then the solution was homogenized under magnetic stirring overnight at room temperature. In 
addition, protein solutions were prepared only with NaCas or WPI at 1% (w/w) and 
homogenized under the same conditions. The pH was adjusted to 7.0 with HCl/NaOH 1.0 M, 
when necessary, using a pH meter (Metrohm 827, Methrohm, Herisau, Switzerland). 
  Protein solutions (200 mL) were subjected to different energy density conditions using 
an ultrasonic processor (QR 750W, Ultronique, Campinas, Brazil) equipped with a titanium 
probe (13 mm). The ultrasound conditions used are presented in Table 5.1. The sonication was 
performed varying nominal power and process time, with the frequency fixed at 20 kHz. 
Solutions were prepared at controlled temperature with a thermal bath at 25 ± 0.1 °C, to avoid 
temperature fluctuations intrinsic to the process. Values of nominal energy density were 
calculated from nominal ultrasound power according to equation 5.1, where E is the energy 
density (J/m3), W is the power (W), t is the application time of ultrassound  (s) and V is the 




              (5.1) 
 
 In order to estimate the transmitted power values in ultrasound process, the calorimetric 
method [16] was used, since part of the energy is lost as thermal energy and noise. A beaker 
adiabatically isolated, filled with 200g of ultrapure water, was used to avoid unwanted heat 
transfer. Nominal power was applied and temperature variation was recorded at previously 
established times. The calculated transmitted power was obtained from Equation 5.2, where W 
is the power (W), C is the heat capacity of water at constant pressure (J/kg.K), m is the sonicated 
water mass (g) and dT/dt is the curve slope from origin. Transmitted energy density was 
calculated from the real power according to equation 5.1.  
 


















Time       
(s) 
A1 6750 450 300 
A2 6750 150 900 
A3 9000 600 300 
A4 9112.5 202.5 900 
A5 11137.5 742.5 300 
A6 11137.5 247.5 900 
 
A0 is the control: solution without ultrasound treatment 
 
  
5.2.2.2 Preparation of gels 
Mixed protein solutions (NaCas:WPI- ratio 1:1) were diluted in ultrapure water at 7% 
(w/w) and pH was adjusted to 7.0 with HCl/NaOH 1.0 M, when necessary. After sonication 
process (according to section 2.2.1), protein solutions had the addition of 0.16 GDL/protein 
(w/w) and they were stored at 10°C for 48hs before the measurements of uniaxial compression 
(section 2.2.3.6) and water holding capacity (section 2.2.3.6). 
 
5.2.2.3 Protein solutions and gels characterization 
 
5.2.2.3.1 Particle size distribution and charge density 
 Proteins particle size distribution and charge density were determined by light scattering 
and electrophoretic mobility, respectively, using the Zeta-Sizer Nano Series (Malvern 
Instruments, Worcestershire, United Kingdom). Peaks mean (mode) and polydispersity were 
obtained from the particle size distribution. Three peaks were identified and they were separated 
according to the following size range: 0-164 nm (peak 1), 165-712 nm (peak 2) and 713-8600 
nm (peak 3). 
 
5.2.2.3.2 Polyacrylamide gel electrophoresis 
Proteins were characterized from native polyacrylamide gels (PAGE) and reducing and 






electrophoresis system (Bio-Rad Laboratories, Hercules, United States). The commercial 
marker BenchMark™ Pre-stained Protein Ladder (Carlsband, Canada) was used to assess the 
molecular weight of the proteins. 
Resolution gels contained 15% (v/v) mesh and packing gel 5% (v/v) mesh. Samples 
were previously diluted in ultrapure water (2 mg/ml), mixed with the sample buffer in ratio 1:1 
and aliquots of 10 µL were placed into gels. Gels were revealed with Comassie Brillant Blue 
(0.25%) solution in an ethanol: acetic acid: water solution (45:10:45 % vol.). The excess was 
removed by washing several times with ethanol: acetic acid: water solution (10:5:85 %vol.).   
 
5.2.2.3.3 Surface Hydrophobicity (S0)  
 Surface hydrophobicity of the proteins was determined according to the method adapted 
by Furtado et al. (2017) from Alizadeh-Pasdar & Li-Chan (2000). Protein solutions were diluted 
in 0.1 M phosphate buffer (pH 7.0) in concentrations ranging from 0.005 to 0.025 % (v/v). 
Aliquots of 20 µL of fluorescent probe, 1-anilino-naftaleno-8-sulfonato (ANS) at 8 mM, were 
mixed with 4 mL of diluted solutions in a vortex and, later, stored at rest in the absence of light 
for 15 minutes before measurements. Intensity of relative fluorescence of the solutions was 
obtained on a multiphase fluorimeter (K2, ISS, Champaign, United States) at 25 ± 0.1°C. Slots 
used to excitation and emission was 1mm/1mm, excitation and emission wavelength was 
390/470 nm, respectively, and equipment iris was opened in the half phase. Surface 
hydrophobicity was obtained from the slope of the linear regression fitted to the data of relative 
fluorescence versus protein concentration.  
 
5.2.2.3.4 Circular Dichroism (CD) 
 Differences in protein structures were evaluated by circular UV-Far dichroism. Samples 
were diluted in ultrapure water (0.1 mg/ml) at 25 ± 0.1°C and measured in the spectrum from 
190 to 260 nm in a spectro-polarimeter (Jasco J-810. Jasco Corp., Japan), with quartz cuvette 
with 0.1 cm optical path. Resolution spectrum was 1.0 nm and scanning velocity was 100 
nm/min. Two spectra were obtained for each solution. Molar ellipticity [θ] was calculated from 
Equation 5.3, where c is the solution concentration, l optical path (cm), θ equipment ellipticity  












5.2.2.3.5 Infrared spectroscopy by Fourier transform (FT-IR) 
Infrared spectroscopy was performed on the Fourier transform infrared spectrometer 
(FT/IR-6100. Jasco Corp., Japan) equipped with the ATR PRO450-S accessory (Jasco Corp., 
Japan) to investigate modifications in protein structure. Solutions were lyophilized after to be 
subjected to ultrasonic treatments for 300s. Spectra of protein solutions were obtained between 
4000-550 cm-1, with a resolution of 2 cm-1 and 20 scans. To quantify the percentage of protein 
structures in the absorbance spectra, a Gaussian Deconvolution was performed using Fityk 
computer software [21]. The percentage area of peaks was calculated from 20 peaks. 
 
5.2.2.3.6. Mechanical properties 
 Uniaxial compression of the gels was performed in a TA. XT Plus Texture Analyzer 
(Stable Micro Systems Ltda., Surrey, UK) equipped with an acrylic plate (40 mm diameter). 
Assays were performed up to 80% of the original height of the samples using a compression 
rate of 1 mm/s. Hencky stress (σH) and strain (εH) were calculated [22] from the deformation 
and force data, respectively. The peak of σH- εH curve was considered the rupture point and 
Young modulus was calculated from the slope of the initial linear region of the stress-strain 
curve. 
 
5.2.2.3.7 Water holding capacity (WHC) 
 Gels (~2g) were placed on filter paper and introduced into falcon tubes (15 mL). 
Samples were centrifuged at 200 g for 10 minutes in an Allegra 25R centrifuge (Beckman 
Coulter, Brea, USA). WHC was obtained from the difference between the mass before and after 
centrifugation [23], according to equation 5.4, where Waterloss is the water mass released after 
centrifugation (g) and Watergel is the water mass of gel before centrifugation.  
 
𝑊𝐻𝐶 % = 100·[1 − (𝑊𝑎𝑡𝑒𝑟𝑙𝑜𝑠𝑠 )/𝑊𝑎𝑡𝑒𝑟𝑔𝑒𝑙)]         (5.4) 
 
5.2.2.4 Statistical analysis 
 Statistical analysis was made with the software SISVAR [24], using analysis of variance 
(ANOVA). The significant differences were evaluated from Tukey test with 0.05% significance 







5.3 Results and Discussion 
 
5.3.1 Nominal and transmitted energy of the ultrasound device 
 An ultrasound device transforms electrical energy into mechanical energy, which is 
converted in acoustical energy in the form of ultrasonic waves. Acoustical energy is then 
transformed in cavitation after bubbles formation which is, finally, converted into heat and can 
be measured with the temperature changes after reaching a steady state (no more heat absorption 
by the walls of the beaker) [25]. Therefore, to measure the energy transmission of ultrasound 
equipment, it is necessary to know the applied energy and evaluate the absorbed amount by the 
volume of sonicated liquid [16]. In this sense, the transmitted power was initially calculated to 
later find energy density used in the systems. 
 Figure 5.1 shows the difference between the nominal and calculated values using the 
calorimetric method, the latter being much smaller than those provided by the equipment. 
Shorter process time (300 s - A1, A3 and A5) provided greater energy density and power 
compared to the nominal values (from 2.5 to 4%); while longer process time (900 s - A2, A4 
and A6) was less efficient to transfer energy compared to the nominal value (1.5 to 2%). 
However, it is important to note that A1 / A2, A3 / A4 and A5 / A6 provide, nominally, the 
same energy density considering Equation 5.1, although with differences in the applied power 
and process time. Our yield energy results were inferior to other authors, but it must be 
considered that the values obtained depend on the measurement position of the temperature and 
the experimental apparatus [25]. However, an interesting trend observed is that longer process 
times result in lower energy efficiency, showing the relevance to investigate the energy 


























Figure 5.1 Comparison between power and energy density. (a) Nominal values and (b) 
Transmitted values obtained from calorimetric method. Nominal power/time and energy 
densities were A0 (control), A1 (450 W / 5 minutes, 6750 MJ/m3), A2 (150 W / 15 minutes, 
6750 MJ/m3), A3 (600W / 5 minutes, 900 MJ/m3), A4 (202.5W / 15min, 9112.5 MJ/m3), A5 
(742.5W / 5 minutes, 11137.5 MJ/m3) and A6 (247.5 W / 15min, 11137.5 MJ/m3) 
 
5.3.2 Interactions between proteins induced by different ultrasound conditions  
 The first step involved obtaining the particle size distribution, zeta potential, pH and 
polyacrylamide gel electrophoresis of protein solutions, in order to verify the influence of the 
ultrasound process conditions on the characteristics of proteins. Results of zeta potential, pH 
and particle size distribution are presented in Table 5.2. An increase in the absolute value of the 
zeta potential of NaCas was observed with the increase in the nominal energy density, while 
the WPI maintained similar values of zeta potential regardless the ultrasound process condition. 
Jambrak et al. (2014) studied the WPI under ultrasonic effect and reported changes such as the 
breakdown of some hydrophobic bonds, peptides and disulfide, but they did not observe 
changes in the zeta potential as also noticed in our experiments. Application of ultrasound in 
NaCas: WPI solutions showed a tendency to increase the zeta potential of the protein mixture, 
although much less pronounced than with NaCas due to the presence of WPI. Regarding pH, 
protein solutions showed little change, varying around pH 7.  
 Particle size distribution of the proteins showed, in general, three peaks, which were 
characterized individually, in terms of peak mode and polydispersity. The first peak was 
characterized by the particle size up to 164 nm, the second between 165 and 712 nm and the 


































































































protein solutions. Some dispersions showed only two peaks. The polydispersity of the peaks 
was, in most cases, low (less than 0.2), with the exception of two samples obtained with the 
shortest processing time (NaCas-A1 and WPI-A3). WPI-A3 condition was the only one that 
presented monomodal distribution, justifying the greater polydispersity value. The 
polydispersity of the protein mixture (NaCas:WPI) decreased with the intensity of the 
ultrasound treatment, which was not observed for the NaCas and WPI solutions, which may be 
an indicative of aggregation / interaction between both proteins. 
 The presence of sodium caseinate favored the formation of larger mean sizes (mode) of 
the third peak and the appearance of non-aggregated particles with a mean size around 50 nm 
(first peak). On the other hand, WPI solutions did not present particles smaller than 100 nm, 
although the mixture of these globular proteins with NaCas reduced the size of the larger 
aggregates (third peak) in relation to the NaCas solutions. Regarding the second peak, sodium 
caseinate showed the largest particle mean sizes (between 300 and 480 nm), while WPI had the 
smallest mean sizes (between 184 and 200 nm). The protein mixture showed intermediate peak 
values, but closer to those of sodium caseinate. The solutions containing caseinate showed a 
tendency to increase the particle size with increasing energy density of ultrasound. As the 
control sample (A0) presented a particle size comparable to the high ultrasound treatment times, 
we assume that short treatments (A1, A3 and A5) favored the breakdown of aggregates, which 
reflected in a smaller peak size.  






Table 5.2 Results of pH, zeta potential (ZP), particle size distribution (mode of peaks 1, 2 and 3) and polydispersity (PDI) of solutions of NaCas, 
WPI and NaCas:WPI, under different treatment conditions. Different letters in the same column means statistical differences between samples 
(p<0.05) 
Solutions Conditions pH ZP (mV) Peak 1 (nm) Peak 2 (nm) Peak 3 (nm) PDI (Peak 1) PDI (Peak 2) PDI (Peak 3) 
NaCas 
A0 7.05 ± 0.04b -33.59 ± 2.06a - 469 ± 126.44b - - 0.206 ± 0.010bc - 
A1 7.21 ± 0.02a -34.65 ± 3.32a - 300.22 ± 15.67a - - 0.502 ± 0.065a - 
A2 7.07 ± 0.05b -34.12 ± 2.73a - 438.00 ± 31.50b 5222.22 ± 400.56bc - 0.114 ± 0.021b 0.022 ± 0.006a 
A3 7.21 ± 0.01a -38.20 ± 2.38b 58.70 ± 21.53b 404.00 ± 35.84b 5560.00 ± 0.00b 0.053 ± 0.025bc 0.142 ± 0.036bc 0.015 ± 0.004a 
A4 7.12 ± 0.01ab -37.78 ± 2.46b 77.87 ± 17.07c 485.33 ± 63.67b 5222.22 ± 400.56bc 0.061 ± 0.026b 0.140 ± 0.072bc 0.122 ± 0.084b 
A5 7.11 ± 0.07b -46.74 ± 1.93c 58.62 ± 22.92bc 418.00 ± 42.48b 4688.89 ± 649.76c 0.049 ± 0.021bc 0.140 ± 0.032bc 0.044 ± 0.022a 
A6 7.11 ± 0.02ab -42.76 ± 4.95d - 480.67 ± 87.71b 5053.33 ± 380.00bc 0.018 ± 0.054ac 0.190 ± 0.065c 0.034 ± 0.012a 
WPI 
A0 7.01 ± 0.02a -26.11 ± 3.77ab -
 
190.00 ± 0.00a 3253.33 ± 282.90cd - 0.050 ±0.007a 0.072 ± 0.011b 
A1 7.03 ± 0.02a -24.75 ± 1.87a -
 
200.44 ± 20.29a 2430.00 ± 247.89ab - 0.086 ± 0.046a 0.090 ± 0.008ab 
A2 7.21 ± 0.02b -28.02 ± 3.03b -
 
193.78 ± 17.13a 2828.89 ± 418.91acd - 0.100 ± 0.060a 0.089 ± 0.018ab 
A3 7.14 ± 0.01b -22.54 ± 3.13a -
 
184.22 ± 11.46a - - 0.802 ±0.029b - 
A4 6.49 ± 0.04c -22.27 ± 4.11a -
 
187.56 ± 16.58a 3238.89 ± 569.00c - 0.082 ± 0.021a 0.085 ± 0.017ab 
A5 6.91 ± 0.04d -35.36 ± 2.09c -
 193.78 ± 17.13a 2670.00 ± 0.00abd - 0.070 ± 0.015a 0.092 ± 0.015ab 
A6 7.00 ± 0.01a -28.44 ± 5.18b -
 
190.44 ± 14.03a 2354.44 ± 268.38b - 0.076 ± 0.015a 0.102 ± 0.017a 
NaCas-
WPI 
A0 7.01 ± 0.01a -32.44 ± 1.97ab - 344.33 ± 50.54ab 2196.67 ± 178.98ab - 0.080 ± 0.060b 0.131 ± 0.009ab 
A1 6.94 ± 0.04a -34.21 ± 2.42a - 314.78 ± 62.24ab 2407.78 ± 390.28a - 0.149 ± 0.027a 0.129 ± 0.014ab 
A2 6.77 ± 0.01a -31.62 ± 2.76b 45.11 ± 29.16b 374.00 ± 51.33a 2553.33 ± 633.92a 0.052 ± 0.033a 0.167 ± 0.030a 0.130 ± 0.028ab 
A3 6.88 ± 0.03a -41.22 ± 2.39c 63.38 ± 9.77b 278.00 ± 30.84b 617.78 ± 1853.33b 0.045 ± 0.011a 0.074 ± 0.016b 0.001 ± 0.004c 
A4 6.97 ± 0.02a -40.81 ± 2.62c - 291.33 ± 25.71ab 3073.33± 804.61a - 0.092 ± 0.024b 0.096 ± 0.031ad 
A5 6.82 ± 0.05a -36.92 ± 2.89d 117.27 ± 26.72c 509.22 ± 121.68c 4537.78 ± 1027.77c 0.210 ± 0.079b 0.057 ± 0.041b 0.066 ± 0.042d 
A6 6.72 ± 0.05a -41.44 ± 2.89c 40.61± 33.62bd 292.89 ± 40.29ab 2272.22 ± 200.67a 0.043 ± 0.036a 0.149 ± 0.042a 0.136 ± 0.029b 
Nominal Power for 5 min: A1= 6750 W, A3= 9000 W and A5= 11137.5 W.  
Nominal Power for 15 min: A2= 6750 W, A4= 9112.5 W and A6= 11137.5 W 







 Figure 5.2 shows the electrophoretic profiles of proteins in conditions of native gels 
(without rupture of covalent and noncovalent interactions), which did not show relevant 
differences between the ultrasound treatments. Aggregates of about 180 kDa and between 37 
and 64 kDa were observed in NaCas solutions (Figure 5.2a); and portions of α - and β-caseins 
around 26 kDa. α-la and β-lg were identified in 15 and 19kDa, respectively, in the WPI 
solutions (Figure 5.2b), in addition to BSA (serum albumin) and immunoglobulins with 
approximately 64 and 180 kDa, respectively [10,26]. The mixture of NaCas and WPI shows 
the observed bands for the two proteins (Figure 5.2c).  
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Figure 5.2 Electrophoretic profiles of protein solutions in Native PAGE under different 
treatment conditions: a) NaCas, b) WPI and c) NaCas:WPI. Nominal power/time and energy 
densities were A0 (control), A1 (450 W / 5 minutes, 6750 MJ/m3), A2 (150 W / 15 minutes, 
6750 MJ/m3), A3 (600W / 5 minutes, 900 MJ/m3), A4 (202.5W / 15min, 9112.5 MJ/m3), A5 
(742.5W / 5 minutes, 11137.5 MJ/m3) and A6 (247.5 W / 15min, 11137.5 MJ/m3) 
 
  





































A  Aggregates 
B   α-and β- caseins 
C  Immunoglobulins 
D  BSA 
E  α-la 
F   β-lg B 

























































































Figure 5.3 Electrophoretic profiles of protein solutions in SDS-PAGE at non-reducing 
conditions under different treatment conditions: a) NaCas, b) WPI and c) NaCas:WPI. Nominal 
power/time and energy densities were A0 (control), A1 (450 W / 5 minutes, 6750 MJ/m3), A2 
(150 W / 15 minutes, 6750 MJ/m3), A3 (600W / 5 minutes, 900 MJ/m3), A4 (202.5W / 15min, 
9112.5 MJ/m3), A5 (742.5W / 5 minutes, 11137.5 MJ/m3) and A6 (247.5 W / 15min, 11137.5 
MJ/m3) 
 
 Samples were also visualized on SDS-PAGE gels at non-reducing and reducing 
conditions (Figures 5.3 and 5.4) to evaluate the proteins aggregates after breaking non-covalent 
bonds (Figure 5.3) and disulfide bonds (Figure 5.4) [27]. The protein profiles did not show any 
change due to the conditions of ultrasound treatment in both gels in reducing (Figure 5.3) and 
non-reducing conditions (Figure 5.4). Bands observed in non-reducing conditions for NaCas 
(Figure 5.3a) were similar to those observed by Basch (1985), while electrophoresis profiles 
noticed for whey proteins (Figure 5.2b, 5.3b and 5.4b) were similar to those described in the 
studies by Havea et al. (1998). Figure 5.2b shows mainly four bands corresponding to β-
lactoglobulin A and B (β-lg A and β-lg B), α-lactalbumin (a-la), BSA and immunoglobulins. 
After the rupture of the non-covalent bonds (Figure 5.3b), it was possible to identify a 
dispersion of the immunoglobulin bands and the appearance of thin bands of whey protein 
aggregates (WP), BSA and some light immunoglobulin (IgL) (Figure 5.3b ); while the bands  













A  αs2- casein  
B   αs1- casein  
C  β- caseins 
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G   β-lg  
H  α-la 
 
























































































corresponding to β-lg and α-la have practically not changed  [29]. SDS-PAGE gels in reducing 
conditions (Figure 5.4b) showed the presence of lactoferrin (Lf), BSA and immunoglobulin 
bands (heavy and light immunoglobulins - IgH and IgL, respectively). As observed in non-
reducing conditions, the β-lg and α-la bands did not change. SDS-PAGE of the NaCas-WPI 
mixture (Figures 5.3c and 5.4c) showed a junction of the profiles of NaCas and WPI solutions, 
with no differences being found between the ultrasound treatments. Comparing all gels, native 
and SDS-PAGE (non-reducing and reducing conditions), it was identified that the aggregates 
observed in the particle size distribution results (Table 5.2) were mostly kept by non-covalent 
interactions (greatest difference between Figures 5.2 and 5.3). However, whey proteins 
aggregates were also partly maintained by covalent bonds (difference between Figures 5.3 and 
5.4). 
Although the results of electrophoresis did not clearly show the influence of ultrasound 
conditions, smaller sizes of aggregates were produced under conditions of shorter ultrasonic 
treatment time (Table 5.2). Thus, the next results were focused only on the higher values of 
power and energy density transmitted (or shorter ultrasound treatment time), as they induced 
























Figure 5.4 Electrophoretic profiles of protein solutions in SDS-PAGE at reducing conditions 
under different treatment conditions: a) NaCas, b) WPI and c) NaCas:WPI. Nominal 
power/time and energy densities were A0 (control), A1 (450 W / 5 minutes, 6750 MJ/m3), A2 
(150 W / 15 minutes, 6750 MJ/m3), A3 (600W / 5 minutes, 900 MJ/m3), A4 (202.5W / 15min, 
9112.5 MJ/m3), A5 (742.5W / 5 minutes, 11137.5 MJ/m3) and A6 (247.5 W / 15min, 11137.5 
MJ/m3) 
  
5.3.3 Proteins structural changes induced by ultrasound treatment 
 The results of surface hydrophobicity (Figure 5.5) did not show significant differences 
with the intensity of the ultrasound treatment for the NaCas and WPI solutions due to the high 
standard deviations, although some trends are observed. An increase of power seems to 
decrease the hydrophobicity of NaCas and increase that of WPI. NaCas: WPI mixed solutions, 
on the other hand, showed a significant reduction in hydrophobicity with the application of 
ultrasound (in relation to condition A0), and the increase in the intensity of applied energy did 
not alter the surface hydrophobicity. This behavior can be attributed to hydrophobic 
interactions between whey proteins and caseinate, since globular proteins (WPI) may have 
exposed more hydrophobic groups  
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after ultrasound treatment [10,30]. Caseins, mainly α- β- e κ- caseins, possess chaperone 
properties in presence of partially unfolded globular proteins, protecting their biological 
functions [31,32], which could, at least partly explain, the decrease of hydrophobicity presented 














Figure 5.5 Surface hydrophobicity of solutions submitted to ultrasonic treatments for 5 
minutes. Values of nominal power and energy density were A0 (control), A1 (450 W, 6750 
MJ/m3), A3 (600 W, 900 MJ/m3) and A5 (742.5 W, 11137.5 M J/m3). Different small letters 
mean statistical differences between samples with the same composition, and different 
capital letters means statistical differences between samples subjected to the same process 
condition (p<0.05) 
 
 Evaluation of the protein structure was obtained by circular dichroism, which provides a 
quick and efficient analysis of the secondary structure of the protein  [33]. Profile of NaCas 
solution is shown in Figure 5.6a, which presents a gap between sonicated and untreated 
solutions. Application of a lower ultrasound power led to a greater difference, and the distance 
with the untreated sample decreased with the increase in ultrasound power. Unordered 
structures can be identified around 203 nm, which comprises the region of NaCas solutions 
affected, mainly by power values of A1 and A3 conditions. Ultrasound treatment increased 
amount of unordered structures, while other regions seem to have been little affected. There 






208 and 220 nm after A1 and A3 conditions [33,34], although the β-helix seems to increase for 
the A5 condition (highest power). On the other hand, WPI solutions (Figure 5.6b) showed a 
reduction in unordered structures (203 nm) after application of ultrasound treatment, regardless 
the power intensity. A reduction in the α and β-helices (208 and 220 nm) was also observed, 
mainly in conditions A3 and A5 (higher power). 
When the solution is a mixture of proteins, such as NaCas: WPI, and different 
ultrasound potencies are applied (Figure 5.6c), a sum of the dichroic profiles of both proteins 
would be expected if these proteins did not interact with each other  [35]. Although the sum of 
the dichroic profiles was consistent with the NaCas: WPI profile, there were differences in the 
expected order of the curves. From the sum of the profiles of NaCas and WPI, the order of the 
amount of unordered structures was A1/A0> A3> A5, that is, it would decrease with the 
increase of ultrasound power. However, the experimental results identified the following order 
for the unordered structures: A5> A3> A1/A0 (increase with the intensity of the treatment). 
Similar behavior was observed with α-helix and β-helix, since the sum predicts that the amount 
would increase with the ultrasound power, but the experimental results indicate that the content 
of these structures decrease with the applied power. Profiles of the mixture NaCas: WPI were 
more affected when subjected to conditions A5 and A3 (on the contrary of individual profiles). 
These conditions provided a greater amount of unordered structures, but also α- and β-helices, 
indicating that the interactions between sodium caseinate and whey proteins would be affected 
by the application of ultrasound. 
In order to better understand the effect of ultrasonic treatment on the interactions 
between sodium caseinate and whey proteins, NaCas, WPI and NaCas: WPI solutions were 
analyzed using infrared spectroscopy (FTIR). In studies of proteins and polypeptides, a 
relatively strong absorption of peptide bonds from the CONH grouping has been observed, and 
the secondary structure is most commonly assessed in certain regions of the spectrum called 
'amide bands' [36]. Therefore, the main regions are amide I (1600 - 1700 cm-1), amide II (1500 
- 1600 cm-1) and amide III (1200 - 1300 cm-1). However, amide I is the most used for this 
purpose, as it shows a greater absorption and is more sensitive to structural changes than amides 





































































Figure 5.6 Circular dichroism of protein solutions subjected to ultrasound treatment for 5 
minutes. Values of nominal power and energy density are A0 (control), A1 (450 W, 6750 
MJ/m3), A3 (600 W, 900 MJ/m3) and A5 (742.5 W, 11137.5 MJ/m3). Samples with “S” are 
predicted data by the sum of both protein profiles (NaCas and WPI)   
 
In order to improve the visualization of the desired region and obtain the secondary 
protein structure, deconvolution methods can be used from the second derivative of the curves, 
making it possible to identify the structures according to their bands, such as α-helix, β-sheet 





























































































structures can be seen in Figure 5.7. It is important to note that some small structural changes 
in proteins may occur due to the lyophilization process during sample preparation [39,40]. 
Secondary structures identified are in accordance with previous studies [41–49]. Milk protein 
structures were mostly formed by β-sheet and α-helix. Secondary structure obtained from the 
deconvolution of the NaCas spectrum is consistent to that reported by other studies with caseins 
in FTIR-ATR [50,51]. It is possible to notice a decrease in the β-sheet, while an increase in the 
α-helix, unordered structures and intramolecular β-sheet was observed with the increase of 
ultrasound power. Despite some difference, these results are in line with those observed in the 
dichroism analysis (Figure 5.6). 
In general, the WPI showed a structure similar to that found in the literature [52–54]. 
We noticed that, with the increase of the applied power, the β-sheet structure increased and 
reduced the α-helix, which is consistent with the observations of Fang and Dalgleish (1998). 
There was also a decrease in percentage of unordered structures, intermolecular β sheet, turns 
and bends, different from the result observed for NaCas. However, in general, the results also 
agreed with the circular dichroism. Chandrapala et al. (2011) obtained a reduction in β sheets 
in whey protein studies, however, these authors mentioned that this behavior may vary due to 
the complexity of the whey protein composition. In addition, the effect of ultrasound on protein 
structures depends on the main structure (α-helix or β sheet) and the number of ordered 
structures [55]. 
The increase in the ultrasound power induced, mainly, the increase in β-sheet and 
intermolecular β-sheet in the NaCas: WPI mixtures, as well as in the reduction of unordered 
structures, α-helix, turns and bends. Results obtained from FTIR confirmed circular dichroism 
(Figure 5.6) analysis. The protein structure profile of the NaCas: WPI mixture as a function of 
the increase in ultrasound power was similar to that of WPI, except for the intermolecular β 
sheets. In addition, the relationship between the increase in the β-sheet and the decrease in the 
α-helix [43] was maintained as observed for NaCas and WPI systems. However, NaCas 
solution showed an increase in α-helix (and decrease in β-sheet), while this structure reduced 
(and increased β-sheet) in WPI with the increase in power. However, their values were much 
lower than those found for NaCas and WPI. It is worth mentioning that the percentage of these 
structures in the mixture NaCas: WPI was much lower than that found for NaCas or WPI. 
It is important to highlight that the application of high ultrasound powers (from 
condition A3-600 W) led to an abrupt increase in β-sheet structures, which did not occur with 






ultrasound effect can be refolded under more severe ultrasonic conditions, forming more β-
sheet structures. Unordered structures obtained from A3 and A5 conditions were similar and 
very low in comparison to the single systems (WPI or NaCas). These results indicate that A3 
and A5 promoted similar effects on mixed protein systems that induced interactions towards a 












Figure 5.7 a) Protein structures obtained from FTIR spectra and deconvoluted to quantify 
structures of NaCas, WPI and NaCas:WPI and b) illustrative spectrum of analyzed region to 
A0 
 
5.3.4. Properties of gels formed with proteins subjected to ultrasound treatment 
Mixed proteins were used to produce acid gels in order to verify whether the structural 
changes that occurred after ultrasound treatment affected their technological properties. In 
general, the gels (Figure 5.8e) showed syneresis and were self-standing in the concentration of 
proteins used (7% w/w). Gels texture was evaluated from the mechanical properties. The 
deformability of the gels was evaluated from the strain at fracture (Figure 5.8a), which showed 
a reduction with the application of ultrasound to the proteins. The hardness of the gels, 
Structures (%) 
NaCas WPI NaCas:WPI 
A0 A1 A3 A5 A0 A1 A3 A5 A0 A1 A3 A5 
β -sheet 68.69 65.97 60.45 59.12 58.14 53.14 63.49 64.69 40.00 65.35 88.45 88.35 
Unordered 1.24 1.45 2.73 3.11 3.23 3.10 2.52 2.29 5.91 0.70 0.37 0.34 
α -helix 21.81 23.87 23.82 23.78 24.92 29.17 21.47 21.52 8.30 20.38 4.57 3.16 
Bends and turns 1.31 1.33 2.18 2.65 2.33 2.43 1.89 1.84 12.45 0.17 7.27 4.38 
Intermolecular β -
sheet 







































represented by the stress at fracture, showed a greater and clearer influence of the ultrasound 
power. Conditions A3 and A5 led to the formation of less hard gels than proteins treated in 
milder ultrasound process conditions. Elasticity or Young modulus (Figure 5.8c), associated 
with the gel strength at low deformation (network resistance), showed an increase with the 
ultrasound intensity. Regarding the water holding capacity (Figure 5.8d), it remained around 
12%, with no significant differences between the process conditions. Picone, Takeuchi and 
Cunha (2011) studied the influence of sodium caseinate on the mechanical properties of whey 
protein gels and observed that WPI-caseinate gels were more deformable and rigid, and with a 
high water-holding capacity. Although no differences were observed in terms of water holding 
capacity, we could verify that ultrasound promoted structural changes in proteins, leading to 
gels with different mechanical properties. Conditions A3 and A5, as noted previously, were 
more susceptible to structural changes and, consequently, in the gels properties. A stronger 
network at low deformations (Figure 5.8c) was formed, but it was more prone to rupture (Figure 
5.8b) and less deformable (Figure 5.8c). Thus, our results show that the structural changes of 





































































































































Figure 5.8 Gels of mixed proteins (NaCas:WPI) solutions subjected to ultrasonic treatment for 
5 minutes (A0, A1, A3 and A5). a) Strain at rupture, b) Stress at rupture, c) Young modulus, 
d) water holding capacity and e) visual aspect of gels. Different letters mean statistical 
differences between samples (p<0.05) 
 
5.4 Conclusions 
Structural changes in proteins, mainly WPI, by ultrasound were identified and 
quantified, as well as, their interactions (WPI-WPI or WPI-casein). We were able to identify 
that shorter ultrasound process times were more suitable for obtaining a greater amount of 
energy transmitted and absorbed. Consequently, shorter process times resulted in greater 
structural changes in proteins. Therefore, we evaluated the impact of protein changes on the 
properties of an acid gel matrix formed by mixed proteins subjected to different conditions of 
sonication. This understanding is of great relevance considering the control of the globular 
proteins aggregation subjected to ultrasound process or even in processes that do not allow 
high temperatures and pressures, once that use of sodium caseinate seems to modulate proteins 
interactions. This study opens new perspectives of investigation regarding the control of the 
aggregation of globular proteins in the presence of other proteins, and the effect that ultrasound 
could promote in this process. 
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Abstract 
Interaction of caseins with other proteins depends on the exposure of the reactive groups of 
both proteins, which can be induced by different processes such as ultrasound. However, some 
proteins as caseins could show an effect on partially unfolded globular proteins, favoring their 
refolding and controlling the aggregates formation. In our studies, we investigated how the 
ultrasound application could impact the interactions between caseins and whey proteins, which 
were used to stabilize oil-in-water emulsions. Aqueous phases of the emulsions were prepared 
with sodium caseinate, whey protein isolate or sodium caseinate:whey protein isolate, which 
were subsequently treated with two different ultrasound powers, before to be used to prepare 
the emulsions. Our results showed that the stability of emulsions was lower with sonicated 
proteins and the increase of protein concentration enhanced depletion flocculation mechanisms. 
Although a reduction in the average droplet size was observed with the increase in protein 
concentration, especially after the application of ultrasound, this condition showed less stable 
emulsions.  Other aspects involving aggregates formation, protein interactions and exposition 
of reactive groups are involved making evaluation of emulsion behavior more complex. Thus, 
although further studies are needed regarding the effect of ultrasound power on the emulsifying 
properties of proteins, the information provided by this work indicates that the concentration of 
proteins, as well as its interaction, and the conditions of the process govern the mechanisms of 
emulsions destabilization / stabilization. 
 









- Emulsifying properties of sodium caseinate and whey proteins are affected by ultrasound 
treatment; 
- Emulsifier ability of sodium caseinate was negatively affected by ultrasound; 
- Whey proteins were less affected by ultrasound treatment; 
- Increase of proteins concentration induced phase separation of emulsions. 
 
6.1 Introduction 
Whey proteins are globular proteins with relatively high hydrophobicity and a compact 
folded peptides chain. The major component of whey proteins is β-lactoglobulin and α-
lactalbumin is the second most abundant (Eric Dickinson, 1998; Snyder, B. S.; Haub, 2007).  
Whey proteins become insoluble below pH 6.5 under heating (denaturation temperature – 60-
80°C) (Pieter Walstra et al., 2005), exposing reactive amino acids groups (usually buried inside 
the folded protein) that favor intermolecular interactions by hydrophobic and disulfide bounds. 
Depend on the pH conditions and ionic strength of the medium, these proteins interactions given 
rise to gelation, which tends to be irreversible (McClements, 2015). Milk caseins are proteins 
that comprise different fractions such as αs1-, αs2-, β- and κ- caseins. Caseins into milk are 
present as colloid particles (micelles) self-associated with calcium phosphate clusters and 
stabilized by κ- caseins. Caseins precipitation at the isoelectric point (pH 4.6) and replacement 
of calcium salt by sodium allows obtaining sodium caseinate, which is widely used as an 
emulsifier in the food industry (Eric Dickinson, 1998; Horne, 2002).  
Caseins are proteins partially unfolded in solution that are formed by short lengths of α-
helix with little amount of tertiary structure. Due to these structural characteristics, caseins 
practically do not denature, although previous studies have shown that above 120 °C they 
become insoluble (Pieter Walstra et al., 2005). Another peculiar characteristic of caseins is that 
they can present the chaperone-like effect, assisting in the folding or refolding of peptide chains 
and reducing mismatched interactions (Akbari et al., 2018). Caseins are able to interact with 
proteins partially unfolded by heat, chemical reduction or UV-induced, in addition to preventing 
the growth of amyloid fibril, such as in ovalbumin (Thorn et al., 2015). α- and β- caseins show 
chaperone-like activity, but their protective role depends on environmental conditions (Yong 






aggregation, although different caseins fractions together (such as sodium caseinate) have less 
protective action than individual caseins (Guyomarc’h et al., 2009). Process conditions as high 
temperatures or harsh mechanical forces (high pressure and ultrasound/cavitation) could induce 
proteins modification and consequently to exert effect on proteins properties and their 
interactions (He et al., 2019; J. Singh et al., 2019).  
Ultrasound technology can be used, in general, in two modes:  high-power at low 
frequencies (20-100 kHz) with intensities between 10-1000 W/cm2; and low power at high 
frequencies (2-10 MHz) with power up to 10 W. High-power at low frequencies is used aiming 
structural changes, due to the cavitation effects promoting increase of shear stress and pressure 
as well temperature changes (Rastogi, 2011). Ultrasound has been studied for the proteins 
modification with the objective of causing functional changes, especially in globular proteins 
such as whey proteins (Chandrapala et al., 2011, 2012; Furtado et al., 2017; A. R. Jambrak et 
al., 2011; Anet Režek Jambrak et al., 2014; Krešić et al., 2011; J. O’Sullivan et al., 2014; J. J. 
O’Sullivan et al., 2017; Shanmugam et al., 2012). However, changes on mixed proteins could 
induce favorable interactions leading to different functionalities of these ingredients acting as 
gelling agent or emulsifiers. 
 Emulsions are thermodynamically unstable systems, which means that they tend to 
separate into phases. Thus, the use of stabilizers (emulsifiers), such as proteins, is necessary to 
guarantee the kinetic stability of the emulsions for a reasonable period of time (McClements, 
2015).  Caseins are efficient emulsifiers, mainly due to the surface activity of αs1- and β- caseins. 
Among the whey proteins, β-lactoglobulin is readily adsorbed at the interface, forming a closed 
packed stabilization layer that subsequently partly unfolds. Thus, reactive sulfhydryl groups are 
exposed allowing interactions to be established and, consequently, slow proteins 
polymerization (E. Dickinson, 2001; H. Singh, 2011). Despite these characteristics, the 
interfacial layer composition depends on the amount and type of structures present during 
emulsion formation. Although there are some studies involving the use of ultrasound to produce 
emulsions or the modification of whey proteins, we have not found any studies involving the 
impact of ultrasound on the interaction between casein and whey proteins. Furthermore, no 
reports were found on the effect of the sonicated mixture of sodium caseinate: whey proteins 









6.2 Materials and Methods 
 
6.2.1 Material 
Sodium caseinate, NaCas, (NA 90) and whey protein isolate, WPI, (CL3987) were 
kindly provided by Alibra Ingredients (Campinas, Brazil), which showed 90.56% and 90.26% 
of proteins, respectively. Sunflower oil (Bunge, Brazil) was purchased in local market and water 





6.2.2.1 Production of emulsions 
6.2.2.1.1  Aqueous phase preparation 
 NaCas, WPI and NaCas:WPI (1:1) were dissolved in MilliQ water at 5 and 10% w/w 
and stirred overnight at room temperature. Solutions with 5% w/w of proteins were named A1 
(NaCas), A2 (NaCas:WPI) and A3 (WPI), while solutions with  10% w/w of proteins were 
called A4 (NaCas), A5 (NaCas:WPI) and A6 (WPI). The pH was evaluated in a pH meter 
(Metrohm 827, Metrohm, Herisau, Switzerland) and adjusted to 7.0, if necessary, with 1M 
HCl/NaOH. Protein solutions (200 mL) were sonicated at 600W (P1) or 742.5 W (P2) – 
nominal powers – in an ultrasound processor (QR 750W, Ultronique, Campinas, Brazil) with 
titanium probe (13mm) for 300 s at a fixed frequency of 20 kHz. Solutions were sonicated at 
controlled temperature (25 ± 0.1°C) with the aid of a water bath.  
 
6.2.2.1.2 Emulsions formation 
 Sunflower oil and protein solutions (20% oil and 80% aqueous phase) were mixed in a 
rotor-stator system (SilentCrusher M., Heidolph, Schawabach, Germany) at 14,000 rpm for 5 
min to produce the emulsions. All emulsions were prepared in triplicate. 
 
6.2.2.2 Characterization of the emulsions 
6.2.2.2.1 Particle size distribution and optical and confocal microscopy  
 All emulsions presented phase separation and they were characterized 24h after the 
separation of the cream and aqueous phases. Particle size distribution was evaluated only in the 






Malvern, UK). The measurements were done in and results presented by the average size of 
peaks. 
 Optical microscopy was performed in a Carl Zeiss Axio Scope A1 (Zeiss, Jena, 
Germany) and visualized at 400x of magnification, in order to better understand the patterns 
observed in laser diffraction. Confocal microscopy was performed using a Zeiss confocal 
microscope LSM 780 NLO on an Axio Examiner D1 (Zeiss, Jena, Germany) equipped with an 
objective EC Plan-Neofluar 20x/0.50. Oil phase was dyed with Nile Red and aqueous solution 
with Rhodamine B. Images were collected at laser wavelength at 488 nm and 532 nm to 
excitation and 680-700nm and 560-600 nm to emission of Red Nile and Rhodamine B, 
respectively (Moakes et al., 2015). 
 
6.2.2.2.2 Zeta potential and interfacial tension  
Zeta potential was analyzed in a Nano-ZS Zetasizer (Malvern Instruments, Malvern, 
UK) for aqueous phases before and after ultrasonic treatment at pH 7.0. Three measurements 
of each solution were recorded. Interfacial tension between aqueous phases and sunflower oil 
were measured on a Tracker-S tensiometer (Teclis, Longessaigne, France) at a controlled 
temperature of 25°C for 5400 s. Assays were made in duplicate. 
 
6.2.2.2.3 Kinetic stability and rheology 
 Stability monitoring was started after 24h and was carried out until the seventh day of 
storage. Three emulsions from each condition were stored in a 50 mL graduated cylinders and 
the phase volumes were visually measured over time. 
 Rheology assays were performed on a Physica MCR301 rheometer (Anton Paar, Graz, 
Austria) with a stainless-steel cone plate geometry (50 mm, 2° angle, truncation 208 µm). Flow 
curves were performed within a shear rate range of 0 to 300 s-1 in up-down-up ramps at 25 oC. 
The third curve of shear stress (σ)-shear rate (?̇?) was fitted to a power law equation (Equation 
6.1) to obtain the flow index (n) and consistency index (k). The goodness of fit was evaluated 
from the determination coefficient (R2). 
 
𝜎 = 𝑘. ?̇?𝑛                     (6.1) 
6.2.2.3 Statistical analysis 
 Statistical analysis were made using the SISVAR software (Ferreira, 2011) and the mean 






6.3 Results and Discussion 
 
6.3.1 Proteins solutions characterization 
 Zeta potential was only measured to the aqueous phases of A1, A2 and A3 (Table 6.1), 
since the difference for A4, A5 and A6 is only the concentration, which does not affect the 
charge surface measurements (Clogston & Patri, 2011). NaCas (A1) showed the highest zeta 
potential value, while WPI (A3) showed the lowest values. Mixed systems showed intermediate 
zeta potential value. In general, no difference was observed between the aqueous phases after 
to be subjected to sonication, except for the composition A2 (NaCas:WPI), which showed a 
tendency to reduce the zeta potential value  aggregates in both proteins and the exposure of 









Table 6.1 Zeta potential of protein solutions. P0: control (without sonication), P1: 600 W 
(nominal power) and P2: 742.5 W (nominal power); aqueous phases - A1: 5% (w/w) NaCas, 
A2: 5% (w/w) NaCas:WPI and A3: 5% (w/w)  WPI. Different letters mean significant 
differences between samples (p<0.05) 
 
Profiles of interfacial tension can be seen in Figure 6.1, indicating the aqueous phase 
formulations (A1: 5% (w/w) NaCas, A4: 10% (w/w) NaCas, A2: 5% (w/w) NaCas:WPI, 
A5:10% (w/w) NaCas:WPI, A3: 5% (w/w) WPI and A6: 10% (w/w) WPI) and the three 
ultrasound treatment conditions studied (P0, P1 and P2). As a control, the interfacial tension 
between water and sunflower oil was also evaluated. Sonication had no effect on the interfacial 
tension between NaCas solution and oil, which means that this protein was not susceptible to 
the applied ultrasound conditions. Interfacial tension between aqueous solutions of WPI (A3 
and A6) presented similar behavior to NaCas solutions (A1 and A4). In this case, in addition to 
aggregates disruption, ultrasound can also promote the exposure of thiol and hydrophobic 
groups of the main whey proteins, which can lead to interactions between these proteins 
Zeta potential (mV) 
Conditions 
Solutions 
A1 A2 A3 
P0 -52.9 ± 1.16a -43.1 ± 3.1ab -39.0 ± 1.7a 
P1 -55.0 ± 3.5a -45.8 ± 2.1a -39.1 ± 3.8a 






(Chandrapala et al., 2011, 2012). Although the NaCas:WPI solutions (A2 and A5) also 
presented similar values of equilibrium interfacial tension for the different ultrasound 
conditions, greater differences in the reduction of tension with time were observed. In these 
formulations all mechanisms mentioned for individual proteins are valid; however interactions 
between the two proteins are also present, such as synergistic interactions or even the protective 
action of caseins against the aggregation of globular proteins (Morgan et al., 2005). 
 
6.3.2 Emulsions characterization 
 Figure 6.2 shows the stability of the emulsions formed with the aqueous phases A1-A6 
as a function of the storage time and applied process (P0, P1, and P2). All emulsions separated 
into two phases (cream and serum) in the first 24 hours, but some emulsions also showed oil 
release during 7-day storage. Regarding the emulsions stabilized by NaCas (A1 and A4 – Figure 
6.2a and 6.2d), no change in stability was observed in the first two days. However, from the 
third day of storage, emulsions prepared with the aqueous solution submitted to the P2 
ultrasound condition, showed oil release (Figure 6.2d). On the fourth day, this oil release was 
also observed for condition P1, although emulsion A4 (highest protein concentration) presented 
greater destabilization, confirmed from the fifth day. On the other hand, the cream phase of the 
emulsions prepared with NaCas (A1 and A4 – Figure 6.2a) without sonication were the most 
stable during storage, showing some oil release only for the highest concentration (A4) on the 
seventh day of storage (Figure 6.2d). Emulsions stabilized by sodium caseinate with 
concentrations greater than 3% (w/w) show depletion flocculation by the presence of aggregates 
and complexes in the aqueous phase, which could occur with condition A1 and A3. However, 
some authors observed that if NaCas concentration is higher than 6% (w/w), as the condition 
A4, a rapid depletion flocculation process can happen, inducing the formation of a stable 
network to the creaming (Eric Dickinson et al., 1997; Eric Dickinson & Golding, 1997; H. 
Singh, 2011).  Such stability was not observed in our results, as the shear conditions to produce 
the emulsions were not sufficient to promote this kind of stabilization mechanism (Dickinson 











Figure 6.1 Interfacial tension between aqueous solutions and sunflower oil. Nomenclature - P0: control (without sonication), P1: 600W (nominal 
power) and P2: 742.5W (nominal power); aqueous phases - A1: 5% (w/w) NaCas, A4: 10% (w/w) NaCas, A2: 5% (w/w) NaCas:WPI, A5:10%  (w/w) 






 WPI emulsions showed higher stability compared to NaCas emulsion. Indeed the 
cream phase of the emulsion formulated with WPI at the lowest concentration (A3) 
(Figures 6.2c and 6.2f) remained stable for seven days and no oil release was observed 
during storage. On the other hand, the cream phase of the emulsion containing the highest 
WPI concentration (A6) (Figure 6.2c) presented destabilization in the stronger ultrasound 
condition (P2) from the third day. It is also interesting to note that this later emulsion 
(A6/P2) formed a lower volume of cream phase since the beginning of storage. 
Ultrasound treatment of whey proteins favors disruption of disulfide bonds and also non-
covalent interactions (O’Sullivan et al., 2017). In emulsions, globular proteins can 
interact with themselves at the interface or in the aqueous phase, which can consolidate 
the stable structure of the emulsion or lead to flocculation during aging, respectively 
(McClements et al., 1993). The latter process is favored at higher concentrations of 
proteins (Euston & Hirst, 1999), as observed in this study. In addition, the application of 
ultrasound affected the way of protein aggregation and, probably, its conformation as 
observed in Figure 6.2. Only the most harsh ultrasound condition associated with the 
highest protein concentration induced a strong instability (A6/P2) that promoted the 
release of oil from the cream phase. 
 Emulsions stabilized by the two proteins, NaCas and WPI (A2 and A5), showed 
stability also depending on proteins concentration and ultrasound conditions (Figures 
6.2b and 6.2e). The cream phase was stable in the first two days, but on the third day the 
emulsion with the lowest proteins concentration (A2) in the most drastic condition of 
ultrasound (P2) began to present signs of destabilization (Figure 6.2b). This 
destabilization became more evident during storage and on the last day, the A2 emulsion 
showed free oil in all process conditions (P0, P1 and P2 – Figure 6.2e). The A5 emulsion 
showed similar behavior from the fourth day, except that the cream phase was stable when 
the aqueous phase was not submitted to ultrasound process (P0). 
  Although the behavior of WPI:NaCas emulsions was similar to that of NaCas 
emulsions, some differences are noted. Emulsions with both proteins (A2 and A5) were 
less unstable than NaCas emulsions (A1 and A4), and this behavior is associated with the 
presence of WPI, since the small aggregates formed by both proteins can interact more 
effectively with the interface (Raikos, 2010). At higher concentrations of the proteins 
mixture, there is an increase in the number of caseins at the interface, although there may 






stability of emulsions, indicating that a large amount of casein present in the interface 
could result in accentuated depletion flocculation (Ye, 2008). 
  Volume droplets size distribution of emulsions was evaluated and the mean peaks 
size is presented in Table 6.2. Microscopy of the emulsions is also shown in Figure 6.3 
to provide a better overview of the droplets distribution. Considering the different protein 
solutions, two peaks were observed, the first peak showing droplets around 1-3 µm and 
the second with droplets between 10-25 µm. A third peak with droplets greater than 80 
µm was noticed for mixed protein solutions (conditions A2 and A5) and with the highest 
WPI concentration (condition A6) in the control condition (without sonication). The large 
deviation in the measurement can be associated with the dynamic coalescence process 
occurring with the largest droplets. This third peak disappeared after ultrasound 
application, indicating that the modification of proteins/disruption of aggregates after 
sonication, reduced the droplets size of the cream phase. Considering the stability results, 
we hypothesized that these peaks were not seen in NaCas emulsions as they may have 
been released as free oil, although it was not visible to the naked eye (Figure 6.2). As the 
2nd peak (Table 6.2) presented the largest volume of particles/droplets (Figure 6.3), we 
will focus on it first. In general, with the increase in protein concentration, a decrease in 
droplet size was observed (A1/ A4, A2/A5 and A3/A6), regardless of the type of protein. 
Again, these results do not match with the stability results, as less stable cream phases 
were observed with the increase in protein concentration (and therefore should show a 
larger droplet size).  
Sodium caseinate emulsions tended to show the smallest droplet sizes (first and 
second peak) compared to other protein conditions, mainly with the highest protein 
concentration (10% w/w). This droplet size results (Table 6.2) apparently contradicts the 
stability analysis (Figure 6.2), since smaller droplet sizes (peaks 1 and 2) were observed 
in the highest concentration of NaCas (A4). However, it should be considered that the 
droplet size was evaluated on the first day of monitoring the cream phase (24hs after 
preparation) and that a higher concentration of protein in the aqueous phase could result 
in more pronounced depletion flocculation in the long-term storage (Radford & 
Dickinson, 2004). Indeed, it was also observed in Figure 6.2 that the volumetric fraction 
of droplets of the less stable cream phases was greater (which means favored phases 






the droplets) may have occurred, which destabilized these more concentrated phases 
























Figure 6.2 Stability test of emulsions.  Nomenclature - P0: control (without sonication), P1: 600W (nominal power) and P2: 742.5W (nominal power); 
aqueous    phases - A1: 5% (w/w) NaCas, A4: 10% (w/w) NaCas, A2: 5% (w/w) NaCas:WPI, A5:10%  (w/w) NaCas:WPI,   A3: 5% (w/w)  WPI and 












 Whey proteins, mainly β-lg, are readily adsorbed and partially unfolded on the interface, 
forming a dense and fine packing around the droplets. The partial unfolding exposes sulfhydryl 
groups, allowing sulfhydryl-disulfide interchange that results in slow polymerization during aging 
(H. Singh, 2011). As a consequence there is an improvement in the interface viscoelasticity, which 
can also induce some flocculation (McClements et al., 1993). The third peak observed in A6 (10% 
w/w WPI) may be indicative of flocculation due to the increase of protein content in relation to 
A3. Regarding NaCas:WPI emulsions it is important to consider the competitive adsorption 
between proteins. In a concentrated system, globular proteins might not have enough time to 
unfold and adsorb on the surface before caseins, since the initially adsorbed caseins promote steric 
and electrostatic repulsion (E. Dickinson & McClements, 1995; P. Walstra & Roos, 1993). Indeed 
the preferential adsorption depend of the total protein concentration in the aqueous phase (Ye, 
2008). If total protein concentration is < 3% (w/w), preferential adsorption of whey proteins will 
occur, while concentration >3% (w/w) (as in our experiments) will be preferentially adsorbed 
caseins. A greater amount of adsorbed caseins (αs1- and κ-) may be related with aggregates at 
dispersed phase, which does not occur with β-casein and α-la (Ye, 2008). Mixed emulsions showed 
an intermediate behavior between caseinate and WPI emulsions. However, ultrasound application 
(P1 and P2 conditions) seems to promote changes, mainly in the presence of whey proteins, as 
observed in the smaller droplets size and extinction of the third peak. Confocal microscopy of 
emulsions prepared from aqueous phases containing NaCas:WPI (A5) or WPI (A6) with the 
highest protein concentration (10% w/w) subjected to both ultrasound treatments (P1 and P2) can 
be observed in Supplementary Data 1 (Figure 10.2). 
 Ultrasound can cause physical and chemical alterations in protein properties due to shear 
stress and pressure promoting disruption of aggregates and formation of new bonds (Chandrapala 
et al., 2012; Shanmugam et al., 2012; Shen et al., 2017; Soria & Villamiel, 2010). Shen et al. 
(2017) observed significant changes in functional and physical properties of whey proteins, with 
increased solubility, surface hydrophobicity and free sulfhydryl groups, which is particularly 
important when considering systems that involve competitive interactions as in our emulsions. 
Ultrasound application on protein solutions favored the decrease of the droplets size and this 
behavior was more evident between the conditions P0 (without sonication) and P1 (nominal power 
600 W). Size differences were small when comparing the two nominal powers, which can be 






tended to decrease with the increase of the ultrasound nominal power in the presence of casein, 
while an increase in the droplets size was observed for emulsions stabilized with WPI. However, 
as previously noted, emulsions that were stabilized by ultrasound-treated proteins were less stable, 
being this result representative of the droplets distribution after 24 h of emulsion preparation and 
not during the 7-day period. Thus, the results cannot be analyzed alone, and it is necessary to 
evaluate all analyzes together to reach a conclusion about the stabilization mechanisms of 
emulsions. 
Figure 6.4 shows the flow curves of the cream phase of the emulsions, which have 
Newtonian behavior (linear relationship between shear stress and shear rate with correlation index 
(R2) higher than 0.99). The viscosity of the cream phases increased with increasing protein 
concentration, since a higher concentration of biopolymers will favor a greater structuring of the 
emulsion. The cream phase of the stabilized NaCas emulsions with a lower protein concentration 
(A1) showed similar viscosity values. However, emulsions prepared with a higher protein 
concentration (A4) and subjected to ultrasound treatment presented an increase in viscosity 
compared to the control (without sonication). It is interesting to note that A4 showed greater 
instability (Figure 6.2), showing that the increase in viscosity did not favor emulsions stability that 
was most affected by the formation of aggregates in the continuous phase and protein changes 
during sonication. The cream phases of WPI emulsions (A3 and A6) showed no trend with the 
application of ultrasound and only a small tendency to increase viscosity with increasing protein 
concentration. Emulsions formed with both proteins (A2 and A5) showed the same viscosity 
increase with concentration and a slight tendency to increase viscosity with the application of 













Table 6.2 Droplets size distribution of emulsions. P0: control (without sonication), P1: 600 W (nominal power) and P2: 742.5 W 
(nominal power); aqueous phases - A1: 5% (w/w) NaCas, A4: 10% (w/w) NaCas, A2: 5% (w/w) NaCas:WPI, A5:10% (w/w)  
NaCas:WPI, A3: 5% (w/w)  WPI and A6: 10% (w/w)  WPI. Different small letters in the same column mean significant differences 
between samples with the same protein type and concentration subjected to different ultrasound conditions. Different capital letters 
between pairs A1/A4, A2/A5 and A3/A6 mean significant differences between protein concentration for each condition of ultrasound 
process (p<0.05) 
Mean Droplet Size (µm) 
1st Peak 
Condition 
NaCas NaCas:WPI WPI 
A1 (5% w/w) A4 (10% w/w) A2 (5% w/w) A5 (10% w/w) A3 (5% w/w) A6 (10% w/w) 
P0 1.670 ± 0.193aA 1.701 ± 0.094aA 2.689 ± 0.905bB 1.752 ± 0.223aA 1.729 ± 0.343aA 2.623 ± 0.544bB 
P1 1.880 ± 0.528aA 1.660 ± 0.000aA 1.996 ± 0.440aA 1.824 ± 0.119aA 2.365 ± 0.322cA 2.191 ± 0.710abA 
P2 1.837 ± 0.113aB 1.660 ± 0.000aA 2.403 ± 0.555abB 1.742 ± 0.119aA 2.006 ± 0.206bA 2.146 ± 0.499aA 
2nd Peak 
Condition A1 (5% w/w) A4 (10% w/w) A2 (5% w/w) A5 (10% w/w) A3 (5% w/w) A6 (10% w/w) 
P0 20.080 ± 2.325aB 11.235 ± 0.568cA 21.640 ± 3.519bB 19.222 ± 2.683bA 23.055 ± 2.670bB 20.016 ± 1.645bA 
P1 22.762 ± 4.108bB 10.000 ± 0.000bA 19.094 ± 1.249aB 18.236 ± 1.249abA 17.219 ± 2.892aA 16.934 ± 5.180aA 
P2 18.236 ± 1.249aB 9.140 ± 0.626aA 19.094 ± 1.249aB 17.378 ± 0.000aA 21.065 ± 2.683bB 18.848 ± 3.065abA 
3rd Peak 
Condition A1 (5% w/w) A4 (10% w/w) A2 (5% w/w) A5 (10% w/w) A3 (5% w/w) A6 (10% w/w) 
P0 - - 98.291 ± 11.299bA 279.761 ± 538.559bA - 80.159 ± 10.640bB 
P1 - - - - - - 




























































Figure 6.3 Microscopy and droplets size distribution of emulsions. Nomenclature – P0: control 
(without sonication), P1: 600W (nominal power) and P2: 742.5W (nominal power); aqueous    
phases - A1: 5% (w/w) NaCas, A4: 10% (w/w) NaCas, A2: 5% (w/w) NaCas:WPI, A5:10%  (w/w) 






















A1 A4 A2 A5 A3 A6 
P0 0.0041 ± 0.0006a 0.0119 ± 0.0014b 0.0016 ± 0.0007a 0.0046 ± 0.0008a 0.0016 ± 0.0007a 0.0033 ± 0.0007a 
P1 0.0040 ± 0.0006a 0.0486 ± 0.0116a 0.0018 ± 0.0007a 0.0047 ± 0.0003a 0.0012 ± 0.0007a 0.0027 ± 0.0009a 




A1 A4 A2 A5 A3 A6 
P0 0.0042 ± 0.0008a 0.0121 ± 0.0012b 0.0024 ± 0.0003a 0.0048 ± 0.0004a 0.0020 ± 0.0005a 0.0028 ± 0.0004ab 
P1 0.0042 ± 0.0002a 0.0470 ± 0.0102a 0.0021 ± 0.0003a 0.0050 ± 0.0003ab 0.0016 ± 0.0002a 0.0031 ± 0.0005b 
P2 0.0045 ± 0.0006a 0.0382 ± 0.0039a 0.0021 ± 0.0001a 0.0053 ± 0.0004b 0.0018 ± 0.0005a 0.0025 ± 0.0002a 
Figure 6.4 Flow curves of cream phase of emulsions and rheological properties (viscosity). Nomenclature – P0: control (without sonication), P1: 
600W (nominal power) and P2: 742.5W (nominal power); aqueous phases - A1: 5% (w/w) NaCas, A4: 10% (w/w) NaCas, A2: 5% (w/w) 








In this article, emulsions stabilized by milk proteins were investigated, aiming to 
understand the effect of individual (NaCas or WPI) and mixed composition (NaCas and 
WPI) as emulsifiers after to be subjected to an ultrasound treatment. In general, the 
ultrasound energy densities studied had a similar impact, but differed from samples 
without treatment, mainly with a higher proteins concentration. Thus, we conclude that 
the ultrasound process has an impact on emulsified systems with a high concentration of 
milk proteins, leading to a decrease of emulsions stability. This behavior can be associated 
by the interactions established between caseins, whey proteins or both, permeated by 
possible changes in the structure, viscosity and competition of proteins by the interface.  
Once it was not possible to observe a prominent chaperone-like effect, which may be 
present, more detailed studies with several ranges of powers/energetic densities are still 
needed to better observe this kind of interaction. However, our results clearly show that 
the emulsifying properties of proteins could be modulated according to their structure and 
applied ultrasound power. 
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7. DISCUSSÃO GERAL 
 
7.1 Efeito do aquecimento ôhmico na funcionalidade das proteínas 
 
 Na primeira etapa do trabalho foi estudada a aplicação do aquecimento ôhmico (OH) 
em soluções de caseinato de sódio (NaCas). As condições para o estudo compreenderam três 
campos elétricos distintos de 2, 5 e 17 V·cm-1 que elevaram a temperatura até 95 °C para 
tratamento por 15 min. As análises de distribuição de tamanho de partícula e potencial zeta não 
mostraram diferenças significativas entre as soluções submetidas à aplicação de diferentes 
campos elétricos e o controle (sem tratamento). A ausência de diferenças foi atribuída ao uso 
de solução tampão (utilizada para garantir a condutividade da solução), o que possivelmente 
evitou a formação/ruptura de agregados e alterações do potencial (HADJSADOK et al., 2008; 
MEZDOUR e  KOROLCZUK, 2010). No entanto, os ensaios de solubilidade mostraram, em 
pH 4,6, um pequeno aumento da solubilidade do NaCas com o aumento da intensidade do 
campo elétrico aplicado (FOX et al., 2000). A partir de análises de dicroísmo circular foi 
possível ter uma visão da estrutura das proteínas após o tratamento com aquecimento ôhmico. 
Foram detectadas alterações relacionadas à estrutura random coil e modificações menores na 
α-hélice.   
A fim de ter maior clareza dos fenômenos observados, a análise estatística multivariada 
clássica que permite o agrupamento e correlação de amostras semelhantes foi realizada para 
que se pudesse entender o efeito do processo no caseinato de sódio (DESTEFANIS et al., 2000; 
SAKURAI e GOTO, 2007). Foi possível identificar um padrão global do comportamento do 
NaCas sob a ação de diferentes campos elétricos. Pela análise de agrupamento hierárquico 
(HCA) identificaram-se três grupos: amostras controle, amostras aquecidas por OH a 5 e 17 
V·cm-1 e amostra aquecida por OH a 2 V·cm-1. Os principais critérios que impactaram os 
agrupamentos foram as medidas de fluorescência intrínseca (em pH 7 e 4,6), o primeiro pico 
da distribuição de tamanho e os sinais dicroicos. A variabilidade do primeiro componente da 
análise foi atribuída principalmente ao dicroísmo circular e apresentou boa correlação com os 
valores de fluorescência intrínseca a pH 7. No entanto, a correlação entre o dicroísmo e a carga 
superficial indicou que o aumento do sinal dicroico (random coil) estaria relacionado ao 
aumento da carga superficial (potencial zeta). O segundo componente apresentou correlações 
entre a distribuição de tamanho e solubilidade a pH 4,6 evidenciando o fato de que as interações 





Posteriormente, soluções proteicas tratadas por OH (95 °C / 15 min / 9 V·cm-1), por 
aquecimento convencional (CH) (95 °C/ 15 min) e um controle (sem aquecimento) foram 
utilizadas para a produção de géis ácidos. A rede de gel foi formada sob acidificação lenta com 
a adição de glucono-δ-lactona (BROYARD e GAUCHERON, 2015; DICKINSON, 2006; 
KUHN et al., 2012) sendo todos os géis auto-sustentáveis e com sinais de sinérese. As 
propriedades dos géis que apresentaram maiores diferenças significativas foram a tensão e a 
deformação na ruptura, bem como a capacidade de retenção de água. As propriedades 
mecânicas indicaram diferenças apenas entre as amostras aquecidas e o controle. No entanto, a 
capacidade de retenção de água concordou com os ensaios de solubilidade. O aumento do 
campo elétrico aumentou a solubilidade proteica e levou a uma rede com menor capacidade de 
retenção de água. 
Na segunda etapa do trabalho com OH utilizaram-se duas proteínas de estruturas 
diferentes, globulares (WPI) e random coil (NaCas), visando avaliar as alterações estruturais e 
funcionais, bem como o impacto da modificação nas interações proteicas. Inicialmente foram 
preparados géis a partir de soluções de proteínas não tratadas (controle), tratadas por CH (95 
°C / 15 min) e por OH (95 °C / 15 min / 9 V·cm-1). Assim como no estudo anterior, todos os 
géis preparados foram auto-sustentáveis e apresentaram sinérese. No entanto, os géis controle 
apresentaram menores valores de tensão e deformação na ruptura, módulo de elasticidade e 
capacidade de retenção de água. Este resultado foi atribuído à necessidade de pré-aquecimento 
das proteínas do soro para a exposição de grupos hidrofóbicos e sulfidrila para uma interação 
mais efetiva (ALTING et al., 2002). Embora não tenham sido observadas diferenças estatísticas 
entre os géis termicamente tratados, notou-se uma tendência de diminuição da deformação e 
tensão na ruptura dos géis provenientes de OH. Considerando a mistura de proteínas (NaCas e 
WPI) e a desnaturação parcial do WPI por temperatura é importante considerar o papel 
modulador das caseínas/caseinato de sódio na agregação das proteínas do soro que pareceu ter 
maior impacto sob a ação de campos elétricos resultando em redes mais frágeis (KEHOE e 
FOEGEDING, 2011; YONG e FOEGEDING, 2008, 2010).  
Com base nas informações obtidas a partir das matrizes gelificadas, um estudo mais 
detalhado das soluções proteicas foi realizado a fim de identificar as modificações ocorridas. 
Soluções proteicas diluídas foram analisadas sob a ação de diferentes intensidades de campos 
elétricos (4, 7 e 18 V·cm-1 / 95 °C / 15 min) em relação às tratadas por CH e não tratadas 
termicamente (controle). Em termos de tamanho de partícula, diferenças significativas foram 





uma tendência à diminuição do potencial zeta com o aumento da intensidade do campo elétrico. 
Assim como no estudo apenas com o NaCas, também foi necessária a utilização de uma solução 
tampão a fim de garantir a condutividade elétrica da solução, o que pode não apenas ter 
dificultado a formação de agregados, como também as interações entre as proteínas 
(HADJSADOK et al., 2008; MEZDOUR e KOROLCZUK, 2010; O’KENNEDY e  
MOUNSEY, 2006). 
Os ensaios de solubilidade (em pH 7,0 e 4,6) apresentaram diferenças significativas 
apenas entre as amostras controle e as tratadas termicamente. É importante frisar que caso as 
soluções fossem apenas preparadas com proteínas do soro seria esperada uma redução da 
solubilidade devido à maior interação proteína-proteína (GUNASEKARAN e SOLAR, 2012). 
No entanto, a solubilidade aumentou com os tratamentos térmicos, sugerindo interações entre 
o caseinato e as proteínas do soro para o controle de grandes agregados (possível efeito 
chaperona). Os estudos de fluorescência confirmaram o observado para as análises de 
solubilidade tanto para pH 7 quando para 4,6. Badii e Howell (2002) e Ngarize et al. (2004) 
ressaltam uma relação entre a diminuição da emissão de triptofano e a exposição de grupos 
hidrofóbicos; assim, observando os espectros obtidos é possível inferir que uma menor 
hidrofobicidade (exposição de grupos hidrofóbicos) teria sido obtida com os tratamento em OH 
a 4 e 7 V.cm-1 (pH 7). Segundo Treweek et al. (2011), o efeito chaperona afetaria 
principalmente ligações hidrofóbicas, sendo possível sugerir que uma maior interação entre 
WPI e NaCas ocorreu nestas condições de intensidade dos campos elétricos. Ainda, a formação 
de menores agregados proteicos na presença de OH é uma explicação plausível para a menor 
capacidade de retenção de água dos géis produzidos. Quando observados os espectros do 
dicroísmo circular são mais evidentes as diferenças entre as amostras tratadas termicamente e 
as não tratadas, principalmente em relação ao aumento de estruturas random coil e α-hélice. 
Novamente nota-se uma maior intensidade de modificações nos campos 4 e 7 V.cm-1 indicando 
que não necessariamente tratamentos mais intensos foram mais eficientes na modificação da 
funcionalidade das proteínas. 
 
7.2 Efeito do ultrassom na funcionalidade das proteínas 
 
 Os estudos iniciais com ultrassom consistiram em uma análise mais aprofundada dos 
impactos deste na conformação e funcionalidade proteica. Dessa forma, assim como no capítulo 





início dos experimentos com proteínas foi quantificada a energia do ultrassom que efetivamente 
teria sido transferida para as soluções proteicas visando a promoção de alterações por meio do 
método calorimétrico de Margulis e Margulis (2003). Das medições obtidas conseguiu-se 
observar que os menores tempos (300 s) de processo com maiores potências aplicadas foram 
capazes proporcionar maior densidade energética e potência em relação a longos tempos (900 
s) e menores potências. Embora o rendimento energético obtido pela utilização do método 
calorimétrico tenha sido inferior aos relatados por outros autores é importante frisar que estes 
podem variar em virtude da posição do medidor de temperatura e do sistema/equipamento 
(MAMVURA et al., 2018). De qualquer forma, os tempos de processo mais longos possuem 
menor eficiência enérgica sendo necessária sempre uma investigação da transmissão real de 
energia. 
 Na primeira etapa experimental foram analisadas a distribuição de tamanho de partícula, 
potencial zeta, pH e eletroforese em gel de poliacrilamida a fim de se observar o impacto das 
condições de processo sobre as proteínas. As soluções de NaCas mostraram um aumento do 
potencial zeta (em módulo) com o aumento da densidade energética aplicada, enquanto que o 
WPI não se alterou (JAMBRAK et al., 2014) e as soluções mistas apresentaram apenas uma 
tendência ao aumento. As medidas de distribuição de tamanho de partícula mostraram, de forma 
geral, três picos sendo o segundo pico o mais relevante em termos de fração volumétrica. 
A análise do segundo pico indicou que o NaCas apresentou tamanhos entre 300 e 480 
nm, o WPI menores valores de tamanho (184 e 200 nm) e a mistura mostrou tamanhos 
intermediários, porém mais próximo aos observados para NaCas. As soluções de NaCas 
também apresentaram uma tendência ao aumento do tamanho de partícula com o aumento da 
intensidade do processo. Os perfis eletroforéticos permitiram confirmar as informações 
anteriores e a caracterização das proteínas, bem como suas misturas sob diferentes condições 
de processo. 
Após esta primeira etapa foram selecionadas apenas as soluções de proteínas submetidas 
às condições com maiores valores de potência e menores tempos, pois foram as que permitiram 
maiores alterações nas proteínas. Em termos de hidrofobicidade superficial não foram 
observadas diferenças significativas dentre os tratamentos das soluções, embora uma tendência 
à diminuição da hidrofobicidade do NaCas e aumento da hidrofobicidade do WPI foi observada 
com o aumento da potência de ultrassom. Já as soluções mistas apresentaram redução 
significativa da hidrofobicidade com a aplicação do ultrassom, mas não houve diferenciação 





hidrofóbicas entre as proteínas da composição mista, uma vez que as proteínas do WPI podem 
ter exposto mais grupos hidrofóbicos com a sonicação (JAMBRAK et al., 2011; 2014). Por 
outro lado a composição mista possui caseínas que possuem atividade chaperona  na presença 
de proteínas globulares parcialmente desdobradas, o que poderia explicar em parte a redução 
da hidrofobicidade com a sonicação (MORGAN et al., 2005; THORN et al., 2015). 
Nos ensaios de dicroísmo circular das soluções de NaCas foi possível observar que a 
condição mais branda de ultrassom permitiu uma maior alteração na região identificada como 
estruturas random coil, enquanto que as estruturas α- e β- hélice não mostraram grandes 
alterações com a aplicação de ultrassom. As soluções de WPI apresentaram significativa 
redução das estruturas random coil, α- e β- hélice com a aplicação de ultrassom. Na análise das 
soluções mistas obteve-se uma soma dos perfis dicroicos, embora com diferenças na ordem 
esperada, pois foi verificado um aumento das estruturas random coil com o aumento da potência 
e diminuição das estruturas α- e β- hélice. Como os tratamentos que mais impactaram nos 
sistemas mistos foram os de maior intensidade corrobora-se os indicativos de interações entre 
as diferentes proteínas. 
Estudos envolvendo espectroscopia de infravermelho (FT-IR) também foram realizados 
a fim de melhor compreender a natureza das modificações. A região da amida I (mais utilizada) 
foi selecionada para análise e, visando melhor visualização da estrutura das proteínas, foram 
realizadas deconvoluções dos picos exibidos pelo espectro a partir da segunda derivada da curva 
(deconvolução gaussiana) (GLASSFORD et al., 2013; KONG e YU, 2007; VAN DE WEERT 
et al., 2001). Assim, foi possível observar para as soluções de NaCas uma diminuição da 
estrutura folha β acompanhada pela redução de α-hélice e random coil com o aumento da 
potência do ultrassom, resultados estes que estão alinhados com o dicroísmo circular. Com 
relação ao WPI, com o aumento da potência aplicada a estrutura folha β aumenta e reduz-se a 
α-hélice, acompanhada de redução no percentual de random coil, folha β intermolecular, turns 
e bends, também concordando com o observado no dicroísmo. Nas soluções mistas, o aumento 
da potência do ultrassom induziu principalmente o aumento de folha β e folha β intermolecular, 
bem como a redução de estruturas desordenadas, α-hélice, bends e turns. Assim como 
anteriormente observado para soluções puras, houve também correspondência com as 
informações obtidas no dicroísmo. Estes resultados indicam que as condições mais severas de 
processo induziram a formação de estruturas mais ordenadas, o que poderia ser atribuído a um 





A fim de verificar como a funcionalidade das soluções mistas foi impactada, foram 
preparados géis ácidos que se apresentaram auto-sustentáveis e com sinérese. Os géis 
produzidos com as duas potências mais intensas possuíam menor deformação na fratura e maior 
módulo de elasticidade, ou seja, foram menos dúcteis e mais resistentes do que aqueles 
produzidos em condições mais brandas ou sem tratamento. No entanto, não foi possível 
observar alterações em relação à capacidade de retenção de água. Assim foi possível verificar 
que o ultrassom promoveu alterações estruturais nas proteínas resultando em géis com 
propriedades mecânicas diferenciadas sendo as condições mais intensas as promotoras de 
maiores modificações.  
Uma vez que a aplicação de maiores potências com menores tempos promoveu maior 
impacto sobre as interações das proteínas, estas condições foram usadas na etapa final de 
investigação da funcionalidade das proteínas em matrizes emulsionadas. Dessa forma partiu-se 
novamente de três formulações (NaCas, WPI e NaCas:WPI (1:1)) com duas concentrações 
diferentes cada (5 e 10 % m/m da fase aquosa). Inicialmente foi analisado o potencial zeta de 
cada uma das soluções em apenas uma das concentrações (CLOGSTON; PATRI, 2011). A 
solução de NaCas foi a que apresentou maior valor, seguida pela de NaCas:WPI e WPI. No 
entanto não foram observadas diferenças após os tratamentos. As medidas de tensão interfacial 
das diferentes soluções tratadas em diferentes condições de ultrassom com o óleo de girassol 
mostraram que as tensões interfaciais foram similares independente do tratamento utilizado. As 
soluções de NaCas:WPI apresentaram valores de tensão interfacial de equilíbrio semelhantes 
para diferentes condições, no entanto foram observadas diferenças na redução da tensão com o 
tempo, indicando uma possível ação moduladora das caseínas na agregação das proteínas 
globulares do soro (MORGAN et al., 2005). 
Em seguida foram preparadas emulsões para análise da estabilidade cinética ao longo 
de 7 dias. Nas primeiras 24 horas todas as emulsões apresentaram separação de fase (creme e 
soro), porém algumas mostraram liberação de óleo da fase creme durante o período de 
armazenamento. A fase creme da emulsão controle preparada com NaCas foi estável durante o 
armazenamento apresentando liberação de óleo apenas no último dia. No entanto, para a 
condição de mais elevada intensidade de sonicação ocorreu liberação de óleo a partir do terceiro 
dia de armazenamento (para ambas concentrações de proteína). Em geral, a fase creme das 
emulsões preparadas a partir de soluções de WPI apresentaram maior estabilidade em 





entanto, emulsões formuladas em maior concentração de proteína apresentaram maior 
desestabilização sob condição mais severa de sonicação.  
A estabilidade das emulsões preparadas a partir de soluções mistas também apresentou 
dependência da concentração e das condições de ultrassom. De maneira geral, a fase creme das 
emulsões produzidas com soluções menos concentradas tiveram liberação de óleo em todas as 
condições de processo. A fase creme das emulsões mais concentradas e sonicadas também 
apresentaram desestabilização, porém somente a partir do quarto dia de armazenamento. 
Embora o comportamento observado para as emulsões mistas tenha sido semelhante às 
emulsões com NaCas algumas assimetrias podem ser notadas. As emulsões mistas foram menos 
instáveis que as emulsões com NaCas, o que pode estar relacionado à presença de WPI, uma 
vez que os pequenos agregados formados por ambas as proteínas podem interagir mais 
efetivamente na interface (RAIKOS, 2010).  
Os sistemas emulsionados também foram avaliados em termos de distribuição de 
tamanho incluindo microscopia óptica para melhor visualização dos eventos de instabilidade. 
No geral, dois picos foram detectados e um terceiro foi notado apenas em soluções mistas, altas 
concentrações de WPI e na condição controle. A fase creme das emulsões com NaCas tendeu 
a apresentar menor tamanho de gota em relação às demais proteínas (dentro das mesmas 
condições), principalmente para 10 % (m/m) NaCas. Embora este resultado pareça contradizer 
os ensaios de estabilidade é importante considerar que o tamanho de gota foi avaliado no 
primeiro dia do ensaio e a maior concentração proteica podem ter levado a uma floculação por 
depleção mais pronunciada ao longo do armazenamento (RADFORD e DICKINSON, 2004). 
As proteínas do soro, principalmente a β-lg, são adsorvidas nas superfícies das gotas e em 
seguida se desdobram parcialmente formando uma interface proteica densa e fina. Isso ocorre 
pois o desdobramento parcial expõe grupos sulfidrila permitindo trocas sulfidrila/sulfeto 
resultando na polimerização (SINGH, 2011). Assim durante o armazenamento ocorre uma 
melhora da viscoelasticidade da interface, embora também possa ocorrer floculação 
(MCCLEMENTS et al., 1993). Neste sentido, o terceiro pico observado para as emulsões com 
WPI 10% (m/m) pode ser um indicativo dessa floculação.  
Em relação as emulsões mistas é importante considerar a ocorrência de competição entre 
as duas proteínas pela interface; uma vez que em um sistema concentrado as proteínas 
globulares podem não ter tempo suficiente para se reorganizar, enquanto as caseínas se 
adsorvem prontamente e exercem repulsão eletrostática e estérica (DICKINSON e 





concentração total de proteínas na fase aquosa (YE, 2008), pois em concentrações menores que 
3% (m/m) a preferência é das proteínas do soro, enquanto a concentrações >3% (m/m) (como 
no caso apresentado) a adsorção preferencial será das caseínas. As emulsões mistas 
apresentaram um comportamento intermediário entre as emulsões com NaCas e WPI, embora 
o tratamento com ultrassom levou à redução do tamanho de gota e desaparecimento do terceiro 
pico. No entanto, como observado anteriormente, as emulsões que foram estabilizadas por 
proteínas sonicadas foram menos estáveis sendo a distribuição de tamanho um resultado 
representativo apenas das 24hs após a preparação e não de todo período de armazenamento.  
  A caracterização reológica da fase creme das emulsões mostrou que todas apresentaram 
comportamento newtoniano (R2 >0,99) independentemente do processo empregado. Além 
disso, a viscosidade das fases aumentou com a concentração polimérica. É interessante também 
observar que as emulsões formadas com 10% (m/m) foram mais instáveis, indicando que o 
aumento de viscosidade não foi um fator importante para estabilidade das emulsões sendo esta 
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8. CONCLUSÃO GERAL 
  
 O estudo inicialmente realizado focou na ação do aquecimento ôhmico (OH) sobre o 
caseinato de sódio (NaCas) mostrando que o processo de aquecimento foi capaz de induzir 
modificações, mesmo em temperaturas abaixo das conhecidamente promotoras de alterações 
no NaCas/caseínas. A análise multivariada permitiu identificar os padrões produzidos pela 
aplicação dos diferentes campos elétricos, principalmente no que se refere à solubilidade das 
proteínas próximas ao ponto isoelétrico e consequentemente as interações hidrofóbicas. Os géis 
produzidos após aquecimento convencional apresentaram, de maneira geral, características 
semelhantes, porém as alterações estruturais induzidas pelos campos elétricos resultaram em 
géis com menor capacidade de retenção de água.  
 Na segunda etapa de estudos com OH foram realizados ensaios com soluções mistas 
contendo NaCas (estrutura random coil) e WPI (proteínas globulares) de forma a verificar o 
impacto nas interações entre as proteínas. Os géis produzidos com soluções tratadas por OH 
apresentaram uma rede mais frágil do que os produzidos com proteínas tratadas 
convencionalmente. Tal enfraquecimento pode ser explicado pelo efeito chaperona das 
caseínas/NaCas que pode modular a agregação de proteínas globulares e pelo fato de que os 
campos elétricos foram capazes de afetar a estrutura das proteínas. Esta alteração, que teve 
impacto nas propriedades dos géis formados por estas proteínas, ficou evidente principalmente 
pelos resultados de dicroísmo circular e fluorescência intrínseca. 
 Nos estudos com a aplicação de ultrassom em soluções proteicas, contendo NaCas e 
WPI ou a mistura de ambas proteínas, foi possível identificar que tempos mais curtos de 
processo são mais adequados para a maior transmissão/absorção de energia resultando em 
maiores modificações estruturais nas proteínas. Um estudo sistemático para investigação das 
modificações decorrentes da sonicação foi realizado e a funcionalidade das proteínas sonicadas 
verificada em matrizes ácidas gelificadas. Tal entendimento foi de grande relevância para o 
estudo do controle de agregação de proteínas em processos ultrassônicos, uma vez que foi 
possível a modulação da agregação das proteínas globulares tanto pela presença do NaCas 
quanto pela intensidade da sonicação. O estudo também abriu precedentes para a utilização de 
ultrassom em produtos sensíveis a condições severas como altas temperatura e pressão. 
 Na última etapa realizada buscou-se compreender como modificações proteicas 
decorrentes do processo ultrassônico seriam capazes de impactar sistemas emulsionados. No 





do leite mostrando redução da estabilidade, o que pode estar associado às competição e 
interações estabelecidas entre as proteínas na interface. No entanto, não foi possível uma 
observação do efeito chaperona, sendo necessárias investigações mais detalhadas envolvendo 
diversas faixa de potências e outras condições de concentração a fim de se definir os 
mecanismos de interação. 
Por fim, os estudos envolvendo proteínas na presença de OH são de grande valia, uma 
vez que permitiram observar, sob outro olhar, mecanismos já conhecidos de interações e 
modificações proteicas. Ressaltou-se o potencial da técnica para modificação proteica 
mostrando que, em futuros estudos, poderia ser explorada não apenas suas aplicações como 
também os parâmetros do sistema ôhmico como diferentes frequências, eletrodos e tipos de 
ondas. Os resultados obtidos acerca do ultrassom, por outro lado, embora também tenham sido 
focados em modificações e interações proteicas diferenciam-se principalmente por serem 
realizados em temperatura ambiente controlada. Também foi possível obter-se interessantes 
resultados como a identificação do efeito modulador das caseínas/NaCas sob a ação do 
ultrassom. Dessa forma, o ultrassom se apresenta também como um processo alternativo 
interessante quando os componentes a serem tratados possuem limitações para tratamento 
térmico. Assim, os estudos aqui compilados na presente tese possibilitaram explorar não apenas 
o uso de tecnologias emergentes com grande potencial para aplicação em alimentos, como 
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10.1.1. Autorização para publicação de artigo em tese 
  Autorização para publicação não é necessária para tese: 
https://www.elsevier.com/about/policies/copyright/permissions 
 
10.1.2. Método Calorimétrico de Margulis e Margulis (2003)* 
 Método calorimétrico realizado para o Capítulo 6 (MARGULIS; MARGULIS, 2003)* 
para determinação da potência e densidade energética real transmitidas ao sistema. A Figura 
10.1a corresponde as potências e densidades energéticas reais e a Figura 10.2b as potências e 













Figura 10.1 a) Real power and energetic density and b) Nominal power and energetic density. 
Nomenclature - P1: first condition and P2: second condition 
 
  
*MARGULIS, M. A.; MARGULIS, I. M. Calorimetric method for measurement of acoustic 







10.1.3 Microscopia eletrônica de varredura a laser 


























Figura 10.2. Supplementary Data 1. Confocal microscopy of emulsions A5 (10% w/w NaCAS: WPI) 
and A6 (10% w/w WPI) under two different ultrasound power (P1- 600 W and P2- 742.5 W). Red 
corresponds to oil stained with Red Nile and Green to proteins stained with Rhodamine 
